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Abstract

The Cauê Formation of the Paleoproterozoic Minas Supergroup hosts banded iron formations (BIFs), locally called itabirites,
deposited in shallow marine passive margin settings. Two major compositional types of itabirite, dolomitic and quartz itabirites, are
found in the northwestern part of QF. The former consists of alternating dolomite-rich and hematite-rich bands, whereas the latter
is formed with alternating quartz-rich and hematite-rich bands. Accessory minerals are chlorite, sericite, and apatite in both types.

Dolomitic and quartz itabirites have a very simple chemical composition. In the dolomitic itabirite, Fe2O3 plus CaO, MgO, and
LOI range from 95.8 to 97.8%, while in the quartz itabirite, Fe2O3 plus SiO2 range from 94.4 to 99.6%. Both itabirites are highly
oxidized and present Fe3+/(Fe2+ + Fe3+) ratios higher than 0.98, by far superior than the average ratios of Paleoproterozoic BIFs.
Trace element concentrations in itabirites are very low, ranging from <10 to 55 ppm. Dolomite shows negative �13C values varying
from −2.5 to −0.8‰ versus PDB, while the oxygen isotope data display �18O values varying from −12.4 to −8.5‰ versus PDB.
The �13C values of the dolomitic itabirite are in the same range of those of the overlying stromatolitic dolomites of the Gandarela
Formation. C and O isotopes, REE signatures, and Y/Ho ratios suggest a marine origin for the sediments of the Cauê Formation.
The HREE enrichment pattern exhibited by the itabirites shows a modern seawater REE signature overprinted by a hydrothermal
pattern marked by positive Eu anomalies. Very low contents of Al2O3 and TiO2 and a strong positive correlation between them
indicate a minor terrigenous component in the chemically-precipitated marine sediments of the Cauê Formation. Differences in
the HREE signatures of itabirites suggest that dolomitic itabirite precipitated in shallower waters receiving sediments from the

continent, while quartz itabirite precipitated in deeper waters. Sea-level fluctuations caused by marine transgression–regressions
possibly contributed to changes in the composition and varied input of the terrigenous sediments. These changes are expressed by
the co-existence of dolomitic, quartz, and amphibolitic itabirites in the Cauê Formation, which represent lateral and vertical facies
transitions of dolomitic, cherty, and shaly BIFs, respectively.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction
Banded iron formations have long been an object
f interest because, apart from being the major source
f iron ore, they are particularly important for the
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understanding of atmospheric evolution, the chemical
composition of the oceans, and the appearance of life on
Earth.

The Cauê Formation of the Minas Supergroup is
known for hosting giant iron ore deposits in the

Quadrilátero Ferrı́fero (QF), in the state of Minas Gerais,
located in southern Brazil (Fig. 1). About 16% (170 Mt)
of the world’s iron ore production in 2003 came from
deposits hosted in the Cauê Formation (Tex Report,
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Fig. 1. Location and geological map of the

005; Companhia Vale do Rio Doce—CVRD, internal
eports). The Cauê Formation is a classical Proterozoic
IF deposited on the continental shelf (Dorr, 1969) and
lassified a Superior type BIF, according to the scheme
f Gross (1980).

Several geological processes have obliterated primary
haracteristics of the original sediments of the Cauê For-
ation, resulting in metamorphosed and oxidized BIFs

alled itabirites in Brazil. Two major compositional types
f itabirite occur at the QF: quartzitic, and dolomitic;

mphibolitic itabirite is also present, albeit in small
mounts (Dorr, 1969; Rosière et al., 1993). The origin of
his compositional diversity and the genesis of itabirites
re still debated. Can this diversity be accounted for by
ilátero Ferrı́fero region (after Dorr, 1969).

different original sedimentary facies within the Minas
Basin or is it due to post-sedimentary processes? Dorr
(1969) correlated the quartz and dolomitic itabirites
with the oxide facies BIFs of James (1954) and con-
sidered the amphibolitic itabirite a product of contact
metamorphism of dolomitic itabirite by adjacent granitic
rocks. Beukes et al. (2002) attributed the genesis of the
dolomitic itabirite to the hydrothermal metasomatism of
the original cherty BIF during a hypogene enrichment
stage of the iron ore. Verı́ssimo (1999) and Verı́ssimo

et al. (2002), however, interpreted compositional varia-
tions as representing original sedimentary facies. These
authors described the quartz and amphibolitic itabirites
at the Alegria Mine, east of the QF (Fig. 1), and corre-
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lated them with the oxide and silicate BIFs of James
(1954). Literature on the itabirites of the Cauê For-
mation is very scarce, and most work was conducted
during the 1960s and 1970s (e.g., Dorr, 1969, 1973).
Recently, Klein and Ladeira (2000) studied the petrol-
ogy and geochemistry of 16 itabirite samples collected
at four different sites of the western QF. Based on minor
element and REE geochemistry, they concluded that the
itabirites formed by precipitation and deposition from
mixed Precambrian seawater and hydrothermal fluids,
but provided no detailed explanation for the origin of the
dolomitic and quartz itabirite. They also suggested that
the observed presence of hematite and absence of mag-
netite or martite indicate that the hematite was formed by
diagenesis or low-grade metamorphism of sedimentary
ferric oxides/hydroxides. However, the presence of both
martite and relics of magnetite, as well as the formation
of hematite after martite, have long been described in
itabirites of the QF (Dorr, 1969; Rosière et al., 1993). The
genesis of itabirites remains, therefore, subject to debate.

The Águas Claras Mine is located on the northeast-
ern segment of the Serra do Curral Homocline, north of
the QF (Fig. 1), where dolomitic and quartz itabirite out-
crop. The mining of iron ore over 30 years by Minerações
Brasileiras Reunidas (MBR) has exposed a complete
unweathered sequence of dolomitic itabirite. In addi-
tion, several drill holes intersect fresh quartz itabirite
on the northern side of the mine. Unweathered itabirite
exposed on mining benches and thousands of meters of
drill core allowed the sampling of the entire sequence
of the Cauê Formation in this part of the QF. This paper
presents the petrological and geochemical data of 48 rock
samples collected throughout the Cauê Formation, from
its base to the transition zone into the dolomite of the
overlying Gandarela Formation. Our aim is to combine
petrographic and geochemical analyses in order to eval-
uate the processes responsible for the formation of the
itabirites in the QF.

2. Geological setting

The Cauê Formation and the overlying Gandarela
Formation form the Itabira Group, and are the predomi-
nant chemical sediments of the Paleoproterozoic Minas
Supergroup (Fig. 2). Sediments of the Minas Supergroup
were deposited in either an intracratonic basin (Chemale
et al., 1994) or in a platform supracrustal setting with
a sialic substrate (Cordani et al., 1980; Marshak and

Alkmim, 1989; Teixeira and Figueiredo, 1991). They rest
unconformably on Archean greenstones of the Rio das
Velhas Supergroup and basement granite-gneiss terrains
(Chemale et al., 1994).
earch 152 (2007) 170–206

The Minas Supergroup has clastic sediments of the
Caraça Group at the base, which consists of extensive
quartzose (Moeda Formation) and argillaceous (Batatal
Formation) formations. The Moeda Formation consists
of alluvial coarse-grained quartzite, conglomerate, fine-
grained marine quartzite, and phyllite (Villaça, 1981).
It is conformably overlain by the Batatal Formation,
which consists of sericitic phyllite with minor graphitic
phyllite. The Caraça Group is interpreted as a trans-
gressive sequence deposited over an old peneplained
surface (Villaça, 1981). The Moeda Formation was
deposited under paralic to stable shelf environments,
while the Batatal Formation comprised offshore sedi-
ments deposited on a slowly subsiding continental shelf
or platform on a passive margin (Dorr, 1969).

The Itabira Group comprises itabirites (BIFs) with
minor dolomite and phyllite of the Cauê Formation
and carbonates of the Gandarela Formation; these units
are intergradational. Itabirites of the Cauê Formation
are lithologically similar to other major oxide facies
BIFs (Dorr, 1969). The Gandarela Formation includes
dolomites, limestones, dolomitic phyllite, dolomitic iron
formation, and phyllite. They were deposited in shallow
water and locally have stromatolitic structures (Souza
and Müller, 1984). Pb–Pb dating of the stromatolitic
dolomite yielded an age of 2420 ± 19 Ma, which is con-
sidered by Babinski et al. (1995a) as a depositional age.
Based on this upper limit, and considering the Pb–Pb
ages on detrital zircons of the Moeda Formation, which
vary between 3.0 and 2.6 Ga, Babinski et al. (1995b) sug-
gested that the deposition of the itabirites of the Itabira
Group occurred between 2.6 and 2.4 Ga.

The Piracicaba Group at the top of the Minas Super-
group consists of predominantly clastic sediments with
minor chemical sediments deposited in marine shallow
water and deltaic environments. The Piracicaba Group
overlies the Itabira Group, generally with structural con-
formity, but erosional disconformity has been locally
found (Dorr, 1969). Although the tectonic history of the
QF remains controversial (e.g., Chemale et al., 1994;
Alkmim and Marshak, 1998; Davis and Hippert, 2000),
there is a consensus that the rocks of the Minas Super-
group were subjected to at least two main tectonic events
during the Proterozoic. Alkmim and Marshak (1998)
suggested that the first was Transamazonian (∼2.1 Ga)
and took place in two stages. The first stage (thrust-
ing stage) occurred shortly after 2.125 Ga and created
large northeast-trending anticlines and synclines. It was

followed at ca. 2.095 Ga by the second stage (collapse
stage), resulting in the development of a dome-and-
keel province. The second tectonic event (Brasiliano
event, ∼0.6 Ga) was compressional and resulted in
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Fig. 2. Stratigraphic column of the Quadrilátero Ferrı́fero region. The right-hand portion of the column represents relationships in the eastern part
of the Quadrilátero Ferrı́fero, while the left-hand side of the chart represents relationships in the western part of the Quadrilátero Ferrı́fero (after
Alkmim et al., 1998).
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a west-verging fold-and-thrust belt causing inversion,
amplification, translation, and rotation of basinal syn-
clines, affecting mainly the eastern portion of the QF
and obliterating many of the tectonic features of the
Transamazonian event (Chemale et al., 1994).

Two main structural domains are recognized at the
QF: an eastern, high-strain domain with thick shear
zones and major thrust systems, and a western, low-strain
domain with well-preserved synclines, discontinuously
cut by discrete shear zones and minor thrust faults
(Rosière et al., 2001). The metamorphic grade also
increases from west to east, from chlorite through biotite
and staurolite zones (Herz, 1978). Pires (1995) redefined
these metamorphic grade zones as grunerite, cum-
mingtonite, actinolite, and tremolite-anthophyllite zones
based on the compositional variation of the amphiboles
of the itabirite and phyllite of the Itabira Group. Equilib-
rium temperatures range from 300 ◦C on the western side
to 600 ◦C on the eastern side of the QF, with pressures
ranging from 3 to 5 kbar, respectively (Pires, 1995).

3. Local geology

The Águas Claras Mine is located at the northern
segment of the Serra do Curral, a northeast-southwest
trending ∼100 km long ridge that defines the north-
west edge of the QF (Fig. 1). The Serra do Curral is
a homocline, where bedding dips steeply to the south-
east (Pires, 1979; Chemale et al., 1994; Alkmim and
Marshak, 1998). Units of the Minas Supergroup crop
out along most of its extension as an inverted sequence
without repetition. At the northern segment of the Serra
do Curral, the rocks are very strained, sinistrally rotated
from their original position, and beds are overturned
(Chemale et al., 1994). Extensive shear zones occur
at the contact between the rocks of the Minas Super-
group and those of the Rio das Velhas Supergroup. In
spite of being highly strained, the rocks of the Minas
Supergroup were submitted only to green schist facies
metamorphism (Pires, 1995).

At the Águas Claras Mine, quartzite and phyllite of
the Moeda and Batatal formations, dolomite and itabirite
of the Cauê Formation, iron ore and canga (a strongly
iron-hydroxide cemented cover) outcrop (Fig. 3A and
B). The contact between the stratigraphic units is gra-
dational. Quartzite and phyllite occur at the southern
wall of the pit and cap the iron ore body (Fig. 3A).
The gradational contact between the Moeda and the

Batatal Formations is marked by interfingered lenses of
coarse and fine quartzite. Higher in the sequence, fine
quartzite lenses are interlayered with sericitic phyllite,
which becomes predominant. Lenses of graphitic phyl-
earch 152 (2007) 170–206

lite with pyrite crystals occur locally, interlayered within
the sericitic phyllite.

The contact between clastic sediments of the Batatal
Formation and chemical sediments of the Cauê Forma-
tion is gradational. It is marked by the appearance of
dolomite in the Batatal Formation. Dolomite content
increases markedly upwards in the Cauê Formation to
form an argillaceous dolomite. Argillaceous dolomite
marks the base of the Cauê Formation at the Águas Claras
Mine. Lenses of metachert ranging in thickness from
tens of centimeters to meters occur within the argilla-
ceous dolomite and grade into quartz itabirite. Fig. 4
shows details of the transition from the Batatal to the
Cauê Formation, including the main lithotypes.

The contact between argillaceous dolomite and
dolomitic itabirite is characterized by a complex
transition zone of approximately 10-m thick, where
argillaceous dolomite, ferruginous dolomite, and minor
metachert/quartz itabirite occur interlayered. Within this
zone, a 80-cm to 2-m thick layer of ferruginous dolomite
with peloids, ooids and sub-angular fragments of quartz
itabirite cemented by dolomite is observed (Fig. 5A–C).
The size of the clasts decreases upsection, suggest-
ing progressive deepening of the basin. This rock is a
typical Granular Iron Formation (GIF) in accordance
with Trendall’s (2002) description. Cracks in individual
peloids and in the GIF itself are filled with secondary
dolomite. GIF persists laterally for tens of meters along
the top of the argillaceous dolomite and grades into
quartz itabirite. Transitions between BIFs and GIFs are
uncommon in the global stratigraphic record (Beukes
and Klein, 1990). They are described only in the tran-
sition zone between the microbanded Kuruman Iron
Formation, in the granular Griquatown Iron Formation
of the Paleoproterozoic sequence of the Transvaal Basin
(Beukes, 1980, 1984), and in iron formations of the Frere
Formation of the Paleoproterozoic Naberru Basin, West-
ern Australia (Goode et al., 1983).

A ∼6-m thick layer of ferruginous red dolomite
within the uppermost part of the transition zone is
overlain by dolomitic itabirite. The high content of
microcrystalline hematite (see petrography below) is
responsible for the red color of the ferruginous dolomite
as well as of the dolomitic bands of the dolomitic
itabirite.

The appearance of iron mineral bands marks the tran-
sition from the ferruginous dolomite to the dolomitic
itabirite. This banding corresponds to the mesoband-

ing in the BIFs of the Hamersley Basin defined by
Trendall and Blockley (1970). Initially, dolomitic bands
are thicker than the iron-rich mesobands. The former
range from one to tens of centimeters in thickness,
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Fig. 3. Águas Claras Mine. (A) Cro

nd vary from deep-red to pink, while iron-rich bands

re generally 1–3-cm thick and grey. Locally, both
olomitic and hematitic bands are centimeter-sized in
hickness (Fig. 6A). Approximately 50 m from the
ase of the dolomitic itabirite, dolomitic bands become
on 2550E and (B) geological map.

thinner, forming a more typical dolomitic itabirite.

Typical dolomitic itabirite (∼250-m thick) exhibits alter-
nating millimeter-thick dolomite and hematite bands
(Fig. 6B). Upwards hematitic bands gradually disappear,
and dolomitic itabirite grades to a ferruginous dolomite
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Fig. 4. Detail of the transition zone from the Batatal to Cauê Formatio
Sericitic phyllite, (B) argillaceous dolomite, (C) Granular Iron Forma
dolomite, (F) dolomitic itabirite, (G) quartz itabirite, and (H) dolomiti

which is similar to that present at the base of the Itabira
Group.

Within the open pit, dolomitic itabirite is much more
common than quartz itabirite, which occurs only on the
north wall on the top of the sequence (Fig. 3A). The
contact between both rocks is gradational and marked
by the appearance of quartz in the dolomitic itabirite and
by small lenses of quartz itabirite within the dolomitic
itabirite. In drill cores we can see this contact zone con-
taining a triply layered rock with alternating bands of
quartz, iron minerals, and dolomite (Fig. 6C). Outside
this contact zone, the quartz itabirite exhibits the typical
mesobanding of quartz and iron minerals (Fig. 6D). The
transition from the quartz itabirite to the carbonate rocks
of the Gandarela Formation, observed in drill cores, is
also gradational. The gradual appearance of dolomite
and the disappearance of hematite and inherent loss of

the typical mesoband texture of itabirite characterize
the transition zone from quartz itabirite to carbonates.
Although dolomitic itabirite and iron ore occur through-
out the whole length of the mine along the contact with
otographs of the major rock types observed at the profile studied. (A)
IF), (D) quartz itabirite within argillaceous dolomite, (E) ferruginous
ia.

the Batatal Formation, some exploratory drills com-
pleted outside the pit found only quartz itabirite at
this equivalent stratigraphic position. This suggests that
the transition from dolomitic itabirite to quartz itabirite
occurs not only vertically, but also laterally along the
Cauê Formation.

The dolomitic itabirite is locally brecciated, with
clasts formed either by the hematitic bands or by the
dolomitic bands cemented by white carbonate. Some
of these breccias suggest a synsedimentary origin; oth-
ers are typically associated with tension gashes. Several
generations of millimetric to centimetric carbonate veins
are found crosscutting or parallel to banding. Some of
them were affected by the same deformational events
that affected the itabirites.

The orebody is a concordant, 2500-m long, roughly
tabular-shaped lens that occurs within the dolomitic

itabirite, reaching a maximum thickness of 300 m
(Fig. 3B). The depth of the ore is variable, extending to
over 400 m below the surface and then grading into the
proto-ore dolomitic itabirite deeper down (Fig. 3A). The
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Fig. 5. Photographs of Granular Iron Formation (GIF). (A and B)
Outcrop showing ooids and intraclasts cemented by dolomite and
sericite/chlorite. (C) Thick section showing ooids and intraclasts
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emented by dolomite and sericite/chlorite and cut by secondary
olomite and quartz veins.

ron ore is typically soft (friable) and consists of almost
ure hematite, with very low levels of contaminants

Fe2O3 > 98%). The soft ore was formed by leaching of
he dolomite from the proto-ore rock by supergene fluids
nd the consequent residual enrichment of the rock (Viel
t al., 1987; Spier et al., 2003). For additional informa-
earch 152 (2007) 170–206 177

tion concerning the genesis of this type of ore, refer to
Spier et al. (2003), Spier (2005) and Spier et al. (2006).

4. Sampling and analytical procedures

Thirty-four samples of dolomitic and quartz itabirites
of the Cauê Formation (Fig. 4) were analyzed for major,
traces and rare earth elements (REE). Six samples of
dolomitic itabirite had the hematitic and dolomitic bands
analyzed separately. Two samples of sericitic phyllite
of the Batatal Formation were also analyzed to assess
the chemistry of a potentially clastic contaminant of the
chemical sediments. Some samples were also analyzed
for total graphitic and organic carbon. Sampling was
performed mainly at Section 2550E (Fig. 3A), along a
∼300-m section of the 1010-m bench, which is located
more than 200 m below the current land surface. In this
section a representative suite of fresh rocks from the base
to the top of the Cauê Formation was collected. Sam-
ples of quartz itabirite and dolomite from the transition
zone to the Gandarela Formation were collected from
drill hole P3 in the same section. Additional samples of
dolomitic and quartz itabirite were collected from drill
holes P55 and P54 in the proximity to Section 2550E.

To obtain a representative sample, i.e., to overcome
the bimodality of the itabirite typical of BIFs every-
where, samples of 3–5 kg (comprising several couplets of
mesobands of iron minerals and dolomite/quartz) were
selected for bulk analysis. We avoided samples with
carbonate or quartz veins to reduce contamination. Six
samples of dolomitic itabirite were crushed in a tung-
sten carbide ringmill and a <0.15-mm fraction of the
hematite-rich bands was collected by sieving. The grains
were visually inspected under a binocular microscope
and handpicked. We also analyzed six samples of visu-
ally pure dolomitic bands to accentuate the chemical
differences between mesobands.

All samples were ground to a power in a tung-
sten carbide vessel. Chemical analyses were carried
out in Canada at the Activation Laboratories (ACT-
LABS). Major and trace elements were determined
by ICP/ICP-MS after sample fusion with a lithium
tetraborate/metaborate. Base metals were determined by
ICP-MS/INAA after total digestion by acids. Ferrous
iron was determined at the laboratories of MBR by
titration with potassium dichromate. The measurements
were calibrated against international reference materials,
which were analyzed routinely with each sample run.

Precision was better than 10% in all cases. The accu-
racy for major element determinations is estimated to
be between 1 and 5%, except for TiO2 (±20%); and for
minor elements, between 5 and 20%, except for deter-
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c itabiri
f dolom
Fig. 6. Photographs of itabirites of the Cauê Formation. (A) Dolomiti
(C) Drill core sample of triply layered itabirite showing mesobands o
quartz itabirite.

minations close to the detection limit, where accuracy is
more variable; and for REE, better than 10%.

Forty-two samples of dolomitic bands of dolomitic
itabirite were analyzed for carbon and oxygen iso-
topes. Pure dolomite fragments from thicker mesobands
(>1 cm) weighing ∼200 g were collected approximately
every 10 m from the base to the top of the sequence along
the 1010-m bench of the Section 2550E. Isotopic analy-
ses were carried out at the Stable Isotope Laboratory of
the Federal University of Pernambuco (NEG-LABISE).
CO2 gas was extracted from powdered carbonates in a
high vacuum line after reaction with 100% phosphoric

acid at 25 ◦C for 3 days, and then cryogenically cleaned.
The CO2 gas released was analyzed for O and C isotopes
in a double inlet, triple collector SIRA mass spectrom-
eter, using the BSC reference gas (Borborema skarn
te showing thick dolomite mesobands. (B) Typical dolomitic itabirite.
ite (d), hematite (h) and quartz (q). (D) Drill core sample of typical

calcite), that was calibrated against NBS-18, NBS-19,
and NBS-20 standards to have �18O value of 11.28 ‰
PDB and �13C of 8.58 ‰ PDB. The results are expressed
in the notation ‰ (per mil) in relation to PeeDee belem-
nite (PDB). The external precision based on multiple
standard measurements of NBS-19 was better than 0.1‰
versus PDB for carbon and oxygen.

Detailed petrographic examination using transmit-
ted and reflected light, scanning electron microscopy
(SEM), and electron microprobe analyses (EMP) were
carried out to determine the mineralogy and paragenesis
of all samples. SEM and EMP analyses were performed

at the laboratories of the Geoscience Institute of the Uni-
versity of São Paulo and at the Center for Microscopy
and Microanalyses of the University of Queensland,
Australia. EMP analyses of dolomite were performed
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sing a JEOL JXA-8600 electron microprobe operating
t 15 kV and 20-�A current with a focused 5-�m electron
eam.

For purposes of chemical data presentation and dis-
ussion, the samples analyzed have been divided into five
roups on the basis of their chemical compositions and
ineral assemblages: (I) sericitic phyllite; (II) argilla-

eous dolomite; (III) dolomitic itabirite; (IV) quartz
tabirite; and (V) quartz-carbonate rocks (transition from
he Cauê to the Gandarela Formations). A limit of 2%
iO2 is set to separate dolomitic from quartz itabirite. We
voided sampling mixed dolomitic and quartz itabirite
ypes to facilitate this separation. A limit of 2% CaO
eparates quartz itabirite from quartz-carbonate rocks of
he transition to the Gandarela Formation.

. Mineralogy and petrography

.1. Sericitic phyllite
This unit is a uniform dark-grey, very fine-grained
hyllite (Fig. 4A), laminated on a fine scale (1–3-mm
hick). Mineralogy consists of quartz and sericite with

ig. 7. Photomicrographs of various rock types of the base of the Cauê Form
ight (q = quartz). Note the shapes of martitized magnetite (m) and the asso

icrocrystals within dolomite crystals forming a dust. (D) Inclusions of he
rystals which show clean rims.
earch 152 (2007) 170–206 179

minor biotite. Texture is lepidoblastic with foliation
defined by sericite and biotite. This rock has undergone
strong deformation indicated by large porphyroclasts of
quartz surrounded by sericite and quartz exhibiting wavy
extinction.

5.2. Argillaceous dolomite

The argillaceous dolomite is a black, very fine-
grained impure dolomite (Fig. 4B). Local geologists
name this rock dolomitic phyllite because, when weath-
ered, it resembles a phyllite. However, the high dolomite
content and absence of any well-defined lamination
do not allow for the use of the term phyllite. Min-
eralogically, argillaceous dolomite comprises dolomite
(>85%), chlorite, minor quartz, and rare pyrite. Quartz
occurs as aggregates showing strong wavy extinction.
The absence of hematite and magnetite in argillaceous
dolomite distinguishes this rock from the overlying fer-

ruginous dolomite. Argillaceous dolomite is strongly
deformed and poorly foliated.

The metachert associated with argillaceous dolomite
is a dark, massive, or weakly laminated rock, consisting

ation. (A) Quartz itabirite within argillaceous dolomite; transmitted
ciated chlorite (c). (B) Ooid within GIF. (C) Inclusions of hematite
matite microcrystals concentrated within the nuclei of the dolomite
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Fig. 8. Photomicrographs and SEM images of the dolomitic itabirite. (A) Microbanding of dolomite-rich and hematite-rich lamina; transmitted light.
(B) Detail of the dolomite-rich microband. Euhedral crystals of martite between the dolomite crystals (d); transmitted light. (C and D) Dolomite-rich
microband of dolomitic itabirite, SEM images. In (C) dolomite crystals (d) are intergrown with apatite (a) and martite/granular hematite (h). In
(D) dolomite crystals (d) are intergrown with talc (t). (E) Relicts of magnetite within martite (mt); reflected light. (F) Detail of a martite crystal
showing oxidation of magnetite; reflected light. (G) Hematite-rich microband of dolomitic itabirite, SEM image. (H) Detail of the hematite-rich
microbanding showing intergrown martite and granular/tabular hematite (h) with dolomite (d), SEM image.
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f microcrystalline quartz with minor dolomite. Towards
he top of the sequence, the metachert grades into quartz
tabirite which consists of layers of coarse martite with

inor quartz and chlorite crystals, alternating with layers
ostly composed of microcrystalline quartz with minor

mount of dolomite (Fig. 7A).

.3. Granular Iron Formation

GIF presents granular texture and comprises quartz
tabirite and hematite clasts cemented by dolomite
Fig. 5B and C). The clastic fraction contains ooids and
ngular intraclasts of hematite-rich bands of itabirite.
he ooids are rounded, subspherical grains of either

tabirite or dolomite, ranging from 0.2 to 5 mm in diam-
ter. Some ooids contain concentric layers of hematite
Fig. 7B). Angular fragments are lithologically similar
o itabirite and form tabular fragments up to 2-cm long;
maller ones may be rounded and similar in size to ooids.

.4. Ferruginous dolomite
The ferruginous dolomite occurs at the base and
t the top of the dolomitic itabirite and as meter
hick layers randomly distributed within the dolomitic
tabirite. Macroscopically and microscopically, ferrug-

ig. 9. Photomicrographs and SEM images of quartz itabirite and dolomite of
uartz-rich and hematite-rich lamina; transmitted light. (B) Detail of a quartz
ematite (h); transmitted light. (C and D) Dolomite of the transition zone to th
q), and hematite (h), plane polarized light; in (D) laminaes of chlorite (c) and
earch 152 (2007) 170–206 181

inous dolomite resembles the dolomite bands of the
dolomitic itabirite, but lacks larger crystals of tabular
hematite and martite found in dolomitic itabirite. Fer-
ruginous dolomite is deep red to pink, very fine-grained,
and poorly banded (Fig. 4E). It consists of small crystals
of dolomite (average grain size of 15 �m) with microme-
ter size inclusions of dust-like hematite (Fig. 7C). These
hematite inclusions are responsible for the strong red
color of the rock. They are generally concentrated in the
nuclei of dolomite crystals (Fig. 7D). Talc, chlorite, and
apatite occur as accessory phases.

5.5. Dolomitic and quartz itabirites

Mesobanding is the most striking macroscopic char-
acteristic of itabirites at the QF and is defined by
alternating millimeter- to decimeter-scale hematite-
rich bands and dolomite/quartz bands (Fig. 6A–D).
Microbanding defined by alternating sub-millimeter
hematite and dolomite/quartz lamina are commonly
observed within mesobands of itabirites (Figs. 8A and
9A). In dolomitic itabirite, dolomitic bands consist

largely of dolomite and up to 40% hematite (Fig. 8B).
Talc, chlorite, and apatite occur as accessory minerals
(Fig. 8C and D). Thin laminas of apatite parallel to
banding are locally observed. Dolomite occurs as euhe-

the transition zone to the Gandarela Formation. (A) Microbanding of
-rich lamina of quartz itabirite showing intergrown of quartz (q) and
e Gandarela Formation, showing in C intergrown dolomite (d), quartz
hematite (black minerals within laminaes), transmitted light.
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dral crystals ranging from 2 to 15 �m, intergrown with
hematite and accessory minerals (Fig. 8B–D). Microme-
ter hematite inclusions form an iron dust within dolomite
crystals likewise those found in ferruginous dolomite.
Hematite in itabirites occurs as aggregates or individual
crystals of martite (pseudomorphs of magnetite after oxi-
dation) and tabular hematite; individual crystals vary in
size from 5 to 20 �m (Fig. 8E and F). Specularite occurs
locally, along shear planes, parallel to or truncating the
banding. The hematitic bands are largely comprised of
a dense aggregate of hematite crystals, with up to 20%
dolomite and traces of talc, chlorite, and apatite (Fig. 8G
and H). Thicker hematite bands preserve relict magnetite
within martite crystals.

The quartz itabirite is macroscopically and texturally
similar to the dolomitic itabirite. The major differ-
ence between them is the presence of quartz instead of
dolomite (Fig. 9B). Quartz is generally clean, without
hematite inclusions, and exhibits wavy extinction. Relics
of magnetite are locally observed within martite crystals.
When present, dolomite occurs intergrown with quartz
(Fig. 9C). Apatite, chlorite, and sericite occur as acces-
sory phases intergrown with quartz and hematite and,
locally, as fine inclusions within quartz. The grain size of
all minerals is very fine (5–25 �m). Quartz bands of the
quartz itabirite consist of quartz with varying proportions
of hematite (up to 25%) and accessory minerals (apatite,
chlorite, and sericite). Hematite-rich mesobands consist
of dense aggregates of hematite with up to 15% quartz.

5.6. Quartz-carbonate rocks of the transition zone
to the Gandarela Formation
This group of rocks comprises quartz itabirite-bearing
dolomite and dolomite that occurs overlying the quartz
itabirite in the transition zone to the Gandarela For-
mation. The gradual appearance of dolomite and the

Table 1
Average electron microprobe analyses of dolomite

Argillaceous
dolomite (n = 28)

Dolomitic itabirite
(n = 331)

wt%
CaO 29.63 30.51
MgO 18.37 20.60
FeO 3.66 1.01
MnO 0.47 0.60

Recalculated on the basis of 2 (Ca, Mg, Fe, Mn)
Ca 1.003 1.008
Mg 0.864 0.947
Fe 0.098 0.026
Mn 0.013 0.016
earch 152 (2007) 170–206

disappearance of quartz and hematite in quartz itabirite
characterize this group. Micro- and mesobanding typical
of itabirites are replaced by a poor banding defined by
micaceous minerals. The typical dolomite of this zone
consists of very fine crystals (average size of 15 �m)
with accessory sericite, chlorite, and hematite. Locally,
dolomite is enriched with chlorite, which comprises up to
30% of the rock. Chlorite occurs as thin, millimetric lam-
inas, which define conspicuous microbands (Fig. 9D).
Talc with minor chlorite and hematite forms thin veins
that crosscut chlorite-rich bands.

5.7. Mineral chemistry

Electron microprobe analyses of 26 carbonate sam-
ples of argillaceous dolomite, ferruginous dolomite,
itabiritic dolomite, and dolomite of the transition zone
to the Gandarela Formation indicate that dolomite has
approximately equal Ca and Mg concentrations and aver-
age CaO and MgO contents ranging from 29.6 to 30.5%
and from 18.4 to 20.6%, respectively. FeO and MnO con-
tents are low, ranging from 1.0 to 3.7% FeO and from 0.5
to 0.9% MnO. EMP analyses are summarized in Table 1.
The complete dataset is available from the authors upon
request as electronic data.

The dolomite composition changes at the transi-
tion from argillaceous dolomite to dolomitic itabirite
(Fig. 10). Dolomite of argillaceous dolomite has higher
FeO and lower MgO contents than dolomite of the
overlying rocks. Dolomite of dolomitic itabirite has a
very uniform composition throughout the 300-m section.
Ca:Mg ratios and FeO plus MnO contents of dolomitic
itabirite remain almost constant (around 1:1 and 1.5%,

respectively) from the base to the top of the sequence.
Dolomite of the transition zone to the Gandarela Forma-
tion has higher Ca/Mg ratios and higher contents of FeO
and, particularly, of MnO than dolomitic itabirite.

Dolomite (transition to
Gandarela Fm.) (n = 38)

Veins (n = 115)

30.00 30.82
19.00 20.81

2.61 0.74
0.90 0.32

1.013 1.016
0.892 0.955
0.069 0.014
0.024 0.014
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Fig. 10. (A and B) Plots of Ca/Mg ratio and FeO plus MnO contents of dolomite of the dolomitic itabirite as a function of stratigraphic position. (C
a matolit
p (2003)
f

d
a
r
F
s
v

6

i

nd D) Plots of �13C and �18O values of the dolomitic itabirite and stro
osition. The data for the Gandarela Formation are from Bekker et al.
or location).

EMP analyses of carbonate veins that crosscut
olomitic itabirite indicate that dolomite contains on
verage 30.8% CaO and 20.8% MgO, figures in the
ange of those for dolomite of host rocks. Contents of
eO and MnO are, however, lower (0.5%). EMP analy-
es performed on tabular hematite and martite indicate
ery high and invariant iron contents (>99% Fe2O3).
. Geochemistry

The geochemical data of 36 samples of rocks grouped
nto five major lithological groups and 12 separate anal-
ic dolomites of the Gandarela Formation as a function of stratigraphic
, obtained from samples collected at the Hargraves Quarry (see Fig. 1

yses of dolomitic and hematitic bands of dolomitic
itabirite are presented in Appendices A and B. Averages
of major, trace, and REE are displayed in Tables 2 and 3
according to the lithotype groups. In cases when the
results for a few samples were below the detection limit,
averages were calculated using half the detection limit
for those samples. This procedure was chosen to empha-
size samples with values that stood slightly above the

detection limit.

Major, trace and REE data for the Post Archean Aus-
tralian Shale (PAAS) obtained by McLennan (1989) is
used for normalization in this paper. The Eu anomaly is
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Table 2
Average major and trace element composition

Sericitic phyllite, n = 2 Argillaceous dolomitea, n = 4 Dolomitic itabirite, n = 11

Avg Std Min Max Avg Std Min Max Avg Std Min Max

wt%
SiO2 63.33 4.31 60.28 66.38 13.01 4.84 7.37 19.19 1.01 0.46 0.53 1.97
Al2O 18.61 1.53 17.52 19.69 1.34 0.55 0.61 1.81 0.32 0.25 0.07 0.77
Fe2O 1.67 0.52 1.31 2.04 1.17 0.92 0.42 2.44 48.90 8.49 39.65 67.61
Fetot 3.53 2.55 1.73 5.33 5.99 1.83 4.21 8.54 49.64 8.48 40.26 68.11
FeO 1.67 1.82 0.38 2.96 4.34 1.01 3.27 5.49 0.66 0.19 0.44 0.93
MnO 0.03 0.03 <0.01 0.05 0.49 0.16 0.40 0.72 0.28 0.07 0.18 0.43
MgO 3.06 2.60 1.22 4.90 15.59 0.81 14.81 16.72 10.33 1.80 6.49 12.30
CaO 0.11 0.02 0.09 0.12 24.39 1.23 22.63 25.38 14.36 2.42 9.47 17.26
Na2O 0.07 0.04 0.04 0.09 <0.01 <0.01
K2O 5.88 1.20 5.03 6.73 0.30 0.26 0.06 0.59 0.03 0.04 0.01 0.11
TiO2 0.77 0.03 0.74 0.79 0.06 0.02 0.03 0.08 0.02 0.02 <0.01 0.06
P2O5 0.08 0.02 0.06 0.09 0.03 0.01 0.02 0.03 0.12 0.04 0.05 0.19
Ctot 10.80 0.61 10.10 11.20 6.45 0.70 5.50 7.05
Cgrap 0.30 0.06 0.25 0.36 0.03 0.01 0.03 0.05
Corg 0.11 0.02 0.10 0.13 0.04 0.01 0.03 0.05
CO2 38.07 2.25 35.50 39.70 23.60 2.55 20.20 25.80
S 0.008 0.002 0.006 0.009 0.07 0.04 0.03 0.12 <0.001
LOI 3.99 0.94 3.32 4.65 38.35 1.82 35.67 39.78 22.77 4.15 13.49 27.27

ppm
Ba 328.0 45.3 296.0 360.0 17.0 8.2 8.0 24.0 12.9 4.3 5.0 19.0
Sr 14.0 4.2 11.0 17.0 21.0 5.1 16.0 28.0 29.8 12.4 17.0 56.0
Y 26.0 1.4 25.0 27.0 8.5 1.7 7.0 11.0 7.7 2.3 4.0 12.0
Sc 16.5 0.7 16.0 17.0 2.3 0.5 2.0 3.0 <1.0
Zr 178.5 7.8 173.0 184.0 18.3 6.6 11.0 27.0 14.0 5.7 5.0 21.0
Be 2.5 0.7 2.0 3.0 <1.0 <1.0
V 122.0 13.0 3.2 10.0 17.0 25.6 22.2 5.0 84.3
Ni 66.5 31.0 44.5 88.4 7.9 2.3 5.3 10.2 10.0 8.3 2.8 33.0
Cu 38.2 14.4 28.0 48.3 13.0 5.5 5.7 18.9 7.0 4.0 0.5 10.9
Zn 25.8 25.7 7.6 44.0 <1.0 13.5 12.3 0.5 47.4
Ga 25.5 2.8 23.6 27.5 2.0 0.7 1.0 2.6 <1.0
Ge 2.7 0.2 2.6 2.9 <0.5 1.8 0.7 <0.5 3.2
Rb 201.1 37.5 174.6 227.6 10.0 7.1 4.4 19.4 <1.0
Nb 11.1 0.7 10.6 11.6 0.8 0.3 0.4 1.0 0.8 0.5 0.1 1.6
Mo <2.0 <2.0 <2.0
Ag <0.3 <0.3 <0.3
In <0.1 <0.1 <0.1
Sn 3.3 0.4 3.0 3.6 <1.0 <1.0
Cs 6.8 2.7 4.9 8.7 0.42 0.26 0.14 0.77 <0.1∑

REE 226.6 8.9 220.3 232.8 34.6 8.3 28.6 46.8 13.9 10.0 7.3 39.8
Hf 5.3 0.1 5.2 5.3 0.5 0.2 0.2 0.8 0.1 0.1 <0.1 0.2
Tl 1.0 0.6 0.6 1.5 0.1 0.1 <0.1 0.3 <0.1
Pb 14.8 10.7 7.3 22.4 2.3 1.6 1.5 4.8 5.1 3.1 1.5 10.1
Bi 1.5 0.8 1.0 2.1 1.3 0.6 1.0 2.3 1.2 2.2 0.1 6.0
Th 20.4 1.9 19.1 21.7 1.8 0.9 0.7 2.6 0.5 0.4 0.1 1.4
U 5.5 1.6 4.4 6.7 0.8 0.3 0.5 1.2 2.1 1.0 1.0 4.5
As 9.3 9.7 2.5 16.2 <5.0 9.3 9.7 2.5 16.2
Cr 222.1 16.6 210.3 233.8 <20.0 52.9 47.9 <20.0 148.0
Sb 2.8 1.7 1.5 4.0 0.5 0.3 0.3 0.8 1.6 1.0 0.2 3.4
Cd 0.7 0.1 0.6 0.8 1.2 0.8 0.2 2.1 2.0 2.2 0.4 6.2
Fe# 0.57 0.26 0.38 0.76 0.18 0.10 0.07 0.29 0.98 0.01 0.98 0.99
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Table 2 (Continued )

Quartz itabirite, n = 9 Quartz-carbonate rocks, n = 8

Avg Std Min Max Avg Std Min Max

wt%
SiO2 41.74 14.49 19.71 61.95 26.61 17.31 6.56 53.28
Al2O3 0.18 0.15 0.06 0.52 0.70 0.98 0.08 3.07
Fe2O3 55.71 13.54 37.18 76.75 19.74 12.85 5.20 37.08
Fetot 56.50 13.95 37.37 79.34 21.70 11.56 8.32 37.40
FeO 0.71 0.79 0.12 2.33 1.77 1.44 0.29 4.32
MnO <0.01 0.38 0.18 0.09 0.66
MgO 0.14 0.25 0.01 0.80 10.64 6.09 1.79 18.44
CaO 0.46 0.58 0.06 1.69 15.08 8.26 2.98 25.87
Na2O <0.01 0.05 0.04 0.01 0.10
K2O <0.01 0.03 0.04 0.01 0.10
TiO2 <0.01 0.05 0.08 0.00 0.26
P2O5 0.13 0.09 0.03 0.32 0.06 0.05 0.02 0.17
Ctot 7.58 2.54 4.80 9.80
Cgrap <0.05
Corg <0.05
CO2 27.78 9.29 17.60 35.90
S < <
LOI 0.59 0.78 <0.02 2.23 23.79 13.05 4.51 39.83

ppm
Ba 15.4 6.4 5.0 21.0 7.3 3.9 4.0 16.0
Sr 5.0 2.8 1.0 8.0 24.8 12.9 8.0 41.0
Y 3.9 1.4 1.0 6.0 4.6 2.3 3.0 9.0
Sc <1.0 <1.0
Zr 12.0 4.6 7.0 20.0 13.4 9.3 4.0 35.0
Be <1.0 <1.0
V 22.6 16.2 2.5 52.0 8.9 9.9 2.5 32.4
Ni 10.5 4.6 4.7 20.0 13.6 10.6 2.8 36.8
Cu <1.0 2.8 3.1 <1.0 9.1
Zn 2.4 1.8 0.5 5.2 7.5 8.1 0.5 21.0
Ga <1.0 <1.0
Ge 3.6 1.2 2.4 6.3 1.9 1.7 0.3 5.2
Rb <1.0 <1.0
Nb 0.8 0.8 0.3 2.9 0.7 0.5 0.1 1.8
Mo <2.0 <2.0
Ag <0.3 <0.3
In <0.1 <0.1
Sn <1.0 <0.1
Cs <0.1 <0.1∑

REE 8.2 3.3 4.1 13.9 9.1 3.1 4.7 15.2
Hf <0.1 0.2 0.1 <0.1 0.5
Tl <0.1 <0.1
Pb <3.0 4.1 4.2 1.5 13.7
Bi <0.1 <0.1
Th 0.1 0.1 0.03 0.4 0.6 0.5 <0.1 1.8
U 1.6 0.7 0.9 3.0 1.1 0.5 0.4 2.1
As 9.7 4.3 2.5 15.6 5.8 6.0 <5.0 19.7
Cr <20.0 <20.0
Sb 2.8 0.5 1.6 3.3 1.1 0.8 0.3 2.5
Cd 3.0 1.8 0.8 5.5 1.5 1.1 0.4 2.8
Fe# 0.99 0.01 0.97 1.00 0.84 0.17 0.57 0.99
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Table 2 (Continued )

Dolomitic itabirite

Dolomite-rich band, n = 6 Iron-rich band, n = 6

Avg Std Min Max Avg Std Min Max

wt%
SiO2 0.73 0.80 0.14 2.31 0.91 0.25 0.62 1.27
Al2O3 0.33 0.37 0.07 1.02 0.28 0.13 0.10 0.47
Fe2O3 10.93 7.42 4.49 23.92 77.88 8.32 65.04 84.77
Fetot 11.74 7.46 6.15 25.00 78.23 8.24 65.57 85.13
FeO 0.73 0.45 0.19 1.49 0.32 0.09 0.21 0.48
MnO 0.50 0.10 0.32 0.62 0.12 0.06 0.06 0.20
MgO 18.50 1.51 15.99 19.73 4.11 1.60 2.92 6.51
CaO 26.19 2.09 22.62 28.40 5.45 2.52 3.08 9.18
Na2O 0.05 0.09 0.01 0.23 <0.01
K2O 0.06 0.06 0.01 0.13 0.02 0.02 0.01 0.06
TiO2 <0.01 <0.01
P2O5 0.06 0.08 0.02 0.22 0.12 0.07 0.04 0.20
S <0.01 <0.01
LOI 40.98 3.64 34.51 43.91 9.91 4.25 6.07 16.30

ppm
Ba 20.7 11.8 7.0 37.0 11.2 2.1 8.0 14.0
Sr 46.2 16.2 29.0 74.0 12.8 3.9 8.0 19.0
Y 9.5 2.6 5.0 13.0 4.7 1.4 3.0 6.0
Sc <1.0 <1.0
Zr 8.0 4.6 1.0 15.0 14.7 0.5 14.0 15.0
Be <1.0 <1.0
V 10.2 6.4 <5.0 20.2 36.3 42.1 13.0 121.0
Ni 7.3 3.1 2.6 10.9 15.1 5.5 9.8 25.2
Cu 5.2 3.7 1.8 11.6 <1.0
Zn 7.4 5.2 <1.0 15.0 12.9 1.2 11.6 14.3
Ga <1.0 0.8 0.5 <1.0 1.5
Ge <0.5 3.6 0.7 2.6 4.5
Rb <1.0 1.2 1.3 <1.0 3.8
Nb 0.9 0.3 0.6 1.4 0.4 0.2 <0.2 0.7
Mo <2.0 1.5 1.2 <2.0 3.9
Ag <0.3 0.4 0.2 <0.3 0.6
In <0.1 <0.1
Sn <1.0 <1.0
Cs <0.1 0.2 0.3 <0.1 0.8∑

REE 18.8 8.4 11.8 33.9 9.6 1.1 8.2 10.8
Hf <0.1 <0.1
Tl <0.1 <0.1
Pb 7.0 2.4 <3.0 9.4 <3.0
Bi <0.1 <0.1
Th 0.8 0.8 0.2 2.4 0.2 0.1 0.1 0.4
U 1.7 0.6 0.9 2.4 2.1 0.7 1.4 3.0
As 4.8 2.0 <5.0 7.1 6.5 4.2 <5.0 13.8
Cr 23.5 19.4 <20.0 60.0 <20.0
Sb 1.5 1.7 0.3 4.9 1.3 0.5 0.5 1.8
Cd 0.4 0.2 0.01 0.7 4.6 1.1 2.8 6.0
Fe# 0.91 0.09 0.73 0.97 1.00 0.00 0.99 1.00

Fetot expressed as Fe2O3. Fe# = Fe3+/(Fe3+ + Fe2+).
a Samples M138 and M139 of metachert were excluded.
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Table 3
Average rare earth element composition (ppm)

Litho Seric. Phyl.
(n = 2)

Arg. Dol.a

(n = 4)
Dol. Itabir.b

(n = 9)
Quartz Itabir.
(n = 9)

Dolomite (transition to
Gandarela Fm) (n = 8)

Dol. Itabir.

Iron-rich band
(n = 6)

Dolomite-rich
band (n = 6)

La 49.09 6.24 2.65 1.40 1.34 1.85 3.13
Ce 101.36 13.34 4.21 2.32 3.02 3.00 6.24
Pr 11.00 1.56 0.53 0.32 0.36 0.39 0.76
Nd 38.42 6.23 2.40 1.59 1.62 1.71 3.41
Sm 7.23 1.47 0.57 0.42 0.41 0.39 0.77
Eu 1.65 0.58 0.22 0.15 0.13 0.14 0.32
Gd 5.46 1.31 0.74 0.54 0.54 0.48 0.99
Tb 0.82 0.24 0.13 0.09 0.10 0.08 0.17
Dy 4.54 1.40 0.86 0.56 0.62 0.54 1.11
Y 26.00 8.50 7.44 4.22 4.75 4.67 9.50
Ho 0.97 0.30 0.20 0.12 0.14 0.13 0.25
Er 2.96 0.96 0.63 0.35 0.42 0.43 0.78
Tm 0.41 0.14 0.10 0.05 0.06 0.07 0.11
Yb 2.63 0.89 0.62 0.30 0.38 0.42 0.71
Lu 0.44 0.14 0.10 0.05 0.06 0.07 0.12∑

REE 226.55 34.61 13.86 8.26 9.20 9.63 18.76
La/YbPAAS 1.38 0.51 0.27 0.35 0.29 0.32 0.34
La/NdPAAS 1.15 0.88 0.85 0.88 0.75 0.98 0.82
Ce/Ce∗

PASS 1.01 0.99 0.86 0.80 1.01 0.82 0.89
Eu/Eu∗

PASS 1.24 1.91 1.60 1.49 1.34 1.57 1.74
Y/Y∗

PASS 0.99 1.07 1.63 1.33 1.32 1.40 1.52
Pr/Pr∗PASS 1.04 1.01 1.00 1.00 0.94 1.01 1.00
La/SmPAAS 1.01 0.62 0.61 0.54 0.51 0.69 0.60
Sm/YbPAAS 1.39 0.83 0.45 0.70 0.56 0.47 0.58
Sm/Yb 2.74 1.62 0.89 1.38 1.10 0.93 1.15
Y/Ho 26.78 28.83 42.66 36.23 35.00 36.04 38.89

d

w
a
T
R
a
(

6
e

i
A
p
r
(
0

a Excluded samples M138 and M139 (metachert).
b Excluded samples M4 and M7 (see text for explanation).

efined quantitatively as:

Eu

Eu∗ =
(

Eu/EuPASS

Sm/SmPASS
× Gd

GdPASS

)1/2

here Eu* is the hypothetical concentration of Eu. The
nomalies of Ce, Pr, and Y were calculated similarly.
he degree of light REE enrichment relative to heavy
EE is presented as the ratios of PAAS-normalized La
nd Yb (La/Yb), La and Sm (La/Sm), and Sm and Yb
Sm/Yb).

.1. Ranges and stratigraphic variation of major
lements

The major element composition of the rocks exam-
ned is clearly related to their lithotype (Table 2). SiO2,
l O , and K O are the major constituents of sericitic
2 3 2
hyllite with average contents of 63.3, 18.6, and 5.9%,
espectively. This rock is also characterized by high TiO2
average of 0.8%) and low CaO contents (average of
.1%).
The argillaceous dolomite exhibits the greatest com-
positional variation of major elements when compared
with other lithotypes (Appendix A); this variation is due
to the presence of lenses of the associated metachert
and quartz itabirite within the dolomite. CaO (aver-
age of 24.4% ranging from 22.6 to 25.4%) and MgO
(average of 15.6% ranging from 14.8 to 16.7%) are the
main constituents of argillaceous dolomite (not consid-
ering samples M138 and M139 of metachert), together
with SiO2, which ranges from 7.4 to 19.2% (average
of 13%). Loss on ignition (LOI) is high (average of
38.4%), ranging from 35.7 to 39.8%. This sample group
has higher contents of Al2O3 than the itabirite and other
carbonate-containing groups (average of 1.3%). It is also
characterized by the highest concentration of FeO of all
sample groups, ranging from 3.3 to 5.5% with an aver-
age of 4.3%. The organic carbon content of this group,

although very low (average of 0.1%), is the highest of
all studied groups.

Bulk analyses indicate that the dolomitic itabirite has
high Fe2O3 contents, ranging from 39.7 to 67.6% (aver-
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age of 48.9%). CaO and MgO contents average 14.4
and 10.3%, respectively. LOI produced by loss of CO2
from dolomite is highly variable and may be as high
as 27% of the total rock weight. Al2O3 contents range
from <0.1 to 0.8% (average of 0.3%), and Na2O, K2O,
and TiO2 contents are very low (average of 0.02%). P2O5
contents range from 0.05 to 0.19% and average 0.12%.
The Fe3+/(Fe3+ + Fe2+) ratio for the dolomitic itabirite
ranges from 0.98 to 0.99, indicating a very high degree
of oxidation.

Chemical analyses of dolomitic and hematitic bands
confirm petrographic results, and show that, although
dolomite and hematite are dominant in their respective
bands, these minerals always co-exist. Thus, dolomitic

bands exhibit higher contents of CaO, MgO, and LOI
than hematitic bands, but the Fe2O3 content reaches
up to 24%. Hematitic bands have a Fe2O3 content of
up to 85%, but CaO and MgO contents reach up 9

Fig. 11. (A) Average trace element composition of each group of rocks of t
composition of quartz itabirite normalized to average composition of dolomi
mesoband of dolomitic itabirite normalized to hematite-rich mesoband. La# m
earch 152 (2007) 170–206

and 6%, respectively. The FeO content of dolomitic
bands ranges from 0.2 to 1.5% (average of 0.7%);
the Fe3+/(Fe3+ + Fe2+) ratio ranges between 0.73 and
0.97 (average of 0.91). In the hematitic bands, the FeO
content ranges from 0.2 to 0.5% (average of 0.3%);
Fe3+/(Fe3+ + Fe2+) ratio ranges from 0.99 to 1.00. Lower
Fe3+/(Fe3+ + Fe2+) ratios observed in the dolomitic
bands indicate the presence of Fe2+ in the dolomite
composition. Otherwise the high Fe3+/(Fe3+ + Fe2+)
ratios in hematitic bands confirms the high degree
of oxidation of dolomitic itabirite indicated by the
significant martitization of magnetite. Quartz itabirite
consists essentially of Fe2O3 (average of 55.7%) and
SiO (average of 41.7%). CaO, MgO, and LOI are

very low, generally below 0.5%. Fe /(Fe + Fe )
ratios range from 0.97 to 1.00, which is also an indi-
cation of the advanced state of oxidation of quartz
itabirite.

he Cauê Formation normalized to PAAS. (B) Average trace element
tic itabirite. (C) Average trace element composition of dolomite-rich
eans

∑
REE.
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.2. Ranges and stratigraphic variation of trace
lements
The concentration of trace elements in all samples is
enerally very low (<10 ppm). Unlike the major element
hemistry that clearly distinguishes each lithotype, trace

ig. 12. PAAS-normalized REE data. (A) Argillaceous dolomite. (B–D) Do
and. (E) Quartz itabirite. (F) Quartz-dolomite rocks of the transition zone to
earch 152 (2007) 170–206 189

element concentrations are not as clearly indicative of
a particular rock type (Table 2). When compared to the

PAAS contents, all lithologies of the Itabira Group are
very depleted in trace elements (Fig. 11A).

The argillaceous dolomite from the base of the Cauê
Formation and the dolomite from the transition zone to

lomitic itabirite: (B) bulk sample; (C) hematitic band; (D) dolomitic
the Gandarela Formation.
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the Gandarela Formation have very similar trace element
concentrations. The main difference between them are
the higher Ba, Cu, Rb, and

∑
REE concentrations (aver-

age of 17, 13, 10, and 35 ppm, respectively) and lower
Zn (<1 ppm, much lower than that of PAAS) of argilla-
ceous dolomite. The quartz and dolomitic itabirites are
very depleted in trace elements. Rubidium, Cs, Hf, and
Th contents are particularly low in both itabirite types
(Table 2). Quartz itabirite is even more depleted in trace
elements than dolomitic itabirite (Fig. 11B). The lat-
ter is slightly enriched in Sr, Y, Cu, Zn, Pb, Th, and
Cr, while the former has higher contents of Sb and Cd.
Average trace element concentrations of hematitic bands
of dolomitic itabirite normalized to the average concen-
trations of the dolomitic bands are shown in Fig. 11C.
Whereas dolomitic bands have higher Sr (4×), Cu (10×),
Pb (5×), and Th (3×) contents, hematitic bands display
higher V (4×), Cs (4×), and Cd (13×) contents.

6.3. REE results

REE and Y abundances (REEY) of all samples are
listed in Appendix B, and averages of each major litho-
logical group are presented in Table 3. Except for
the sericitic phyllite, all lithologies are characterized
by low

∑
REE, ranging from 8 to 35 ppm. Argilla-

ceous dolomite samples show low
∑

REE (average of
35 ppm), but higher than that of overlying itabirites
and dolomite. All samples display similar REEY pat-
tern (Fig. 12A) with HREE (La/Yb = 0.51) and MREE
(La/Sm = 0.62) enrichments and slight fractionation of
HREE (Sm/Yb = 0.83). They show strongly positive Eu
anomalies (Eu/Eu* = 1.91), but do not exhibit Ce or Y
anomalies, except for sample M139 (metachert), which
displays Ce/Ce* = 0.90.

Samples of dolomitic itabirite show an average∑
REE of 14 ppm, ranging between 7 and 40 ppm.

REEY patterns of all samples are very similar (Fig. 12B)
and show HREE enrichment (La/Yb = 0.27). La/Sm
(=0.61) and Sm/Yb (=0.45) ratios for dolomitic itabirite
indicate enrichment of heavier REE elements in both
the light and heavy REE categories. All samples display
strong positive Eu (Eu/Eu* = 1.65) and Y (Y/Y* = 1.63)
anomalies and negative Ce anomalies, ranging from 0.74
to 0.97 (Ce/Ce*).

Dolomite-rich bands of the dolomitic itabirite are
more enriched in REE (average

∑
REE of 19 ppm) than

iron-rich bands (average
∑

REE of 10 ppm). The REEY

patterns of both bands are similar (Fig. 12C and D)
and exhibit the same HREE enrichment of the bulk
samples. The major differences between the bands are
the more pronounced negative Ce anomaly in iron-rich
earch 152 (2007) 170–206

bands (Ce/Ce* = 0.82) and the less pronounced HREE
enrichment in dolomite-rich bands (Sm/Yb = 0.58) when
compared to the iron-rich bands (Sm/Yb = 0.47).

Quartz itabirite samples are the most depleted in∑
REE among the whole set of samples studied (aver-

age of 8 ppm). Within the LREE they exhibit strong
heavy element enrichment (La/Sm = 0.54) similar to that
shown by dolomitic itabirite, but with a depletion of the
heavy elements within the HREE (Fig. 12E). This is
the major distinguishing feature of REEY patterns for
both compositional types of itabirites. Positive Eu (aver-
age Eu/Eu* = 1.49) and Y (Y/Y* = 1.33) anomalies, and
negative Ce anomalies (ranging between 0.60 and 0.93)
occur in all samples.

Quartz-carbonate rocks of the transition zone to the
Gandarela Formation are likewise the quartz itabirite
very depleted in REE (average

∑
REE of 9 ppm). All

but one sample (P3 170) show similar REEY pattern
(Fig. 12F). There is an enrichment of heavier elements
within the group of the LREE (La/Sm = 0.51), while
HREE have a relatively flat pattern. All samples exhibit
positive Eu and Y anomalies, but they are not as pro-
nounced as those of quartz itabirite. There is no Ce
anomaly: Ce/Ce* ranges from 0.93 to 1.16.

6.4. Linear inter-element correlations

Inter-element correlations for samples of dolomitic
and quartz itabirites are shown in Table 4. Besides cor-
relations characteristic of each compositional type of
itabirite (e.g., strong positive correlations of CaO with
MgO (r � 1.0), LOI (r � 1.0) and MnO (r � 0.9), typi-
cal of dolomitic itabirite or negative correlations of SiO2
with CaO (r � −0.9), characteristic of quartz itabirite),
significant correlations are found between Al2O3 and
TiO2 (r � 0.9), Th (r � 0.9), Zr (r � 0.7), and

∑
REE

(r � 0.7). These correlations are indicative of a ter-
rigenous contribution during the deposition of BIFs
(Arora et al., 1995; Beukes and Klein, 1990; Gnaneshwar
Rao and Naqvi, 1995; Horstmann and Hälbich, 1995;
Manikyamba, 1988).

6.5. C and O isotopes

The 45 analyzed dolomite samples of dolomitic
itabirite show negative �13C values varying from −2.5 to
−0.8‰, and �18O values varying from −2.4 to −8.5‰

18 13
the stratigraphic sequence (Fig. 10C and D). The �13C
and �18O data obtained by Bekker et al. (2003) in stro-
matolitic dolomites in the upper part of the Gandarela
Formation are also shown in Fig. 10C and D.
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Table 4
Linear inter-element correlations for all samples of itabirites (n = 19)

SiO2 Al2O3 Fetot MnO MgO CaO TiO2 P2O5 LOI Ba Sr Y Sc Zr V

Al2O3 −0.26
Fetot −0.08 −0.19
MnO −0.87 0.42 −0.31
MgO −0.89 0.33 −0.38 0.95
CaO −0.90 0.30 −0.37 0.95 1.00
TiO2 −0.43 0.90 −0.05 0.55 0.43 0.40
P2O5 0.17 0.01 0.09 −0.12 −0.20 −0.19 −0.09
LOI −0.89 0.32 −0.38 0.95 1.00 1.00 0.42 −0.21
Ba 0.35 −0.27 −0.04 −0.26 −0.31 −0.31 −0.20 −0.20 −0.31
Sr −0.76 0.52 −0.35 0.87 0.86 0.85 0.59 0.01 0.85 −0.20
Y −0.67 0.56 −0.14 0.75 0.68 0.67 0.64 0.20 0.68 −0.19 0.76
Sc −0.26 0.76 −0.19 0.42 0.34 0.30 0.74 0.10 0.32 −0.10 0.62 0.63
Zr −0.32 0.70 0.10 0.39 0.26 0.24 0.65 0.02 0.24 −0.15 0.37 0.41 0.42
V −0.09 0.37 0.25 0.02 −0.04 −0.04 0.39 −0.17 −0.03 −0.29 −0.09 0.00 −0.01 0.34
Ni 0.00 0.05 0.26 −0.07 −0.13 −0.13 0.17 −0.24 −0.11 −0.39 −0.30 −0.15 −0.19 −0.07 0.60
Cu −0.35 0.57 −0.34 0.53 0.48 0.47 0.52 −0.31 0.46 0.02 0.53 0.30 0.36 0.67 −0.07
Zn −0.50 0.43 0.18 0.44 0.38 0.38 0.61 −0.16 0.39 −0.48 0.34 0.25 0.14 0.32 0.61
Rb −0.08 0.55 −0.19 0.12 0.17 0.14 0.39 −0.14 0.15 0.06 0.20 0.33 0.58 0.32 −0.04
Nb 0.10 0.45 −0.44 0.13 0.11 0.09 0.35 −0.08 0.10 0.03 0.21 0.16 0.35 0.36 0.20
Cs −0.17 0.61 −0.22 0.22 0.27 0.24 0.44 −0.08 0.25 −0.05 0.36 0.41 0.71 0.28 −0.08∑

REE −0.35 0.75 −0.29 0.60 0.46 0.43 0.77 0.24 0.45 −0.08 0.74 0.80 0.84 0.50 0.01
Hf −0.24 0.67 −0.07 0.34 0.25 0.23 0.84 −0.27 0.25 −0.04 0.35 0.29 0.47 0.40 0.33
Pb −0.47 0.38 −0.35 0.51 0.61 0.59 0.39 −0.16 0.59 −0.12 0.70 0.28 0.42 0.24 −0.32
Th −0.47 0.90 −0.24 0.62 0.56 0.52 0.86 −0.03 0.54 −0.19 0.78 0.69 0.87 0.63 0.14
U −0.15 0.64 −0.09 0.23 0.17 0.16 0.63 0.04 0.18 −0.43 0.13 0.44 0.27 0.33 0.59
As 0.41 0.44 −0.13 −0.20 −0.32 −0.34 0.34 0.19 −0.32 −0.27 −0.10 0.04 0.40 0.00 0.22
Cr −0.45 0.31 −0.08 0.44 0.46 0.46 0.44 0.07 0.44 −0.10 0.68 0.48 0.33 0.12 −0.14
Sb 0.59 −0.18 0.09 −0.58 −0.60 −0.59 −0.23 −0.04 −0.57 −0.05 −0.68 −0.34 −0.29 −0.42 0.36

Ni Cu Zn Rb Nb Cs
∑

REE Hf Pb Th U As Cr

Cu −0.34
Zn 0.67 0.15
Rb −0.23 0.33 −0.10
Nb 0.15 0.19 0.19 0.43
Cs −0.26 0.33 −0.02 0.96 0.38∑

REE −0.23 0.41 0.17 0.30 0.35 0.40
Hf 0.28 0.43 0.60 0.14 0.23 0.16 0.50
Pb −0.32 0.64 0.23 0.28 0.12 0.43 0.32 0.38
Th −0.14 0.62 0.38 0.58 0.43 0.70 0.82 0.57 0.61
U 0.54 0.07 0.57 0.16 0.36 0.14 0.41 0.55 −0.15 0.38
As 0.37 −0.09 0.14 0.02 0.20 0.08 0.37 0.33 −0.18 0.24 0.54
Cr −0.20 0.39 0.36 −0.06 0.01 0.09 0.46 0.39 0.63 0.48 0.09 0.05
S −0.31

m
o
G
c
t
1
i
G

b 0.55 −0.60 −0.05 −0.20 −0.05 −0.27

�18O values of dolomitic itabirite and those of stro-
atolitic dolomite are similar and exhibit similar orders

f variation. Most samples of the Cauê Formation and
andarela Formations have �18O values above −10.5‰,

onsistent with those found in well-preserved Paleopro-

erozoic carbonate successions (Veizer et al., 1989, 1990,
992; Bekker et al., 2003). 13C contents of dolomitic
tabirite are slightly lower than those of dolomite of the
andarela Formation. The most negative �13C values
−0.07 −0.76 −0.47 0.43 0.57 −0.46

occur at the base of the sequence (−2.4‰), grad-
ing up into values around −1.7‰. A red dolomite
sampled by Bekker et al. (2003) at the base of the
Gandarela Formation (Fig. 1) displayed �13C values
ranging from −1.3 to −1.0‰. These authors found

positive �13C values (around +0.4‰) for dolomite at
the top of the Gandarela Formation. Carbon isotopic
data of the Cauê Formation obtained in this study com-
bined with data for dolomite rocks of the Gandarela
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Table 5
C and O isotope composition of dolomite in dolomitic itabirite

Sample North coordinate
(m)

�18O (‰)
PDB

�13C (‰)
PDB

MAC-1 −810 −10.33 −0.97
MAC-2 −808 −10.42 −0.75
MAC-3 −807 −12.05 −2.17
MAC-4 −804 −11.06 −2.28
MAC-6 −797 −10.53 −2.30
MAC-8 −793 −9.12 −2.31
MAC-9 −791 −10.05 −1.67
MAC-11 −783 −9.75 −1.76
MAC-12 −775 −10.59 −2.34
MAC-14 −770 −8.50 −2.45
MAC-15 −768 −10.36 −1.95
MAC-16 −765 −9.17 −2.14
MAC-18 −752 −10.44 −1.83
MAC-19 −745 −9.23 −1.79
MAC-20 −742 −11.18 −1.58
MAC-21 −734 −9.34 −1.14
MAC-23 −722 −9.65 −1.21
MAC-24 −717 −9.61 −1.30
MAC-25 −709 −8.86 −0.79
MAC-26 −696 −10.60 −1.46
MAC-27 −692 −10.32 −1.25
MAC-28 −680 −11.57 −1.64
MAC-29 −669 −10.90 −1.71
MAC-30 −660 −12.05 −1.55
MAC-32 −647 −10.85 −1.51
MAC-34 −640 −11.61 −1.56
MAC-36 −629 −12.21 −1.71
MAC-37 −619 −12.34 −1.68
MAC-38 −600 −12.32 −1.71
MAC-39 −587 −11.07 −1.71
MAC-40 −577 −11.49 −1.92
MAC-42 −567 −12.39 −1.79
MAC-43 −562 −10.49 −1.77
MAC-45 −547 −10.74 −2.20
MAC-46 −541 −9.73 −1.75
MAC-47 −535 −9.87 −1.65
MAC-48 −527 −8.76 −1.56
MAC-49 −524 −10.01 −1.84
MAC-50 −519 −9.41 −1.67
MAC-51 −512 −8.63 −1.52

MAC-52 −507 −10.91 −1.74
MAC-53 −505 −11.33 −1.76

Formation suggest a small positive trend (with slight
variations) in �13C values within the rocks of the Minas
Supergroup.

6.6. Comparison with other iron formations
The average major element composition of the
dolomitic and quartz itabirite of QF are compared with
BIFs of the Carajás Formation (Lindenmayer et al.,
2001), the Transvaal Supergroup (Klein and Beukes,
earch 152 (2007) 170–206

1989) and the Hamersley Group (Taylor et al., 2001) in
Table 6. The dolomitic itabirite shows a chemical com-
position that is very different from that of the other BIFs
as a result of its different mineralogical composition. The
SiO2 content of this rock is very low due to the almost
complete absence of quartz. However, CaO and MgO
contents are the highest of all BIFs studied, reflecting
the presence of dolomite. The other major elements are
similar to those found in other BIFs. The quartz itabirite
shows a very simple major element composition, con-
sisting basically of SiO2 and Fe2O3, with TiO2, CaO,
MgO, MnO, Na2O, and K2O contents lower than those
of other BIFs. A distinguishing feature of the dolomitic
and quartz itabirites of the QF and Carajás, compared to
other BIFs, is their higher Fe2O3 and lower FeO con-
tents (Table 6). The Fe3+/(Fe3+ + Fe2+) ratios in BIFs
from Transvaal and Hamersley are much lower than 1,
while in Brazilian BIFs this ratio is very close to 1 (0.99).
This reveals the high degree of oxidation undergone by
the BIFs of the QF, since the primary mineral was mag-
netite, which is regionally recognized as relics in these
rocks (Rosière, 1981; Rosière et al., 2001).

The trace element composition of itabirites is similar
to that of other BIFs worldwide (Fig. 13A); all contain
very low trace element concentrations when compared
with PAAS (Fig. 13B). The Ni, Cu, Zn, and Rb contents
of the dolomitic and quartz itabirite are lower, and U con-
tents are higher than in other BIFs. The C and O isotopic
composition of dolomitic itabirite is distinct when com-
pared to other BIFs considered above (Fig. 14). The �13C
values of dolomitic itabirite are slightly lower than those
of normal marine carbonates, which are typically charac-
terized by �13C values of ca. −1‰, but higher than those
found in BIFs of the Hamersley and Transvaal Basins.
The values of the �13C and �18O are quite similar to those
obtained by Veizer et al. (1990) for dolomites of the Late
Archean Wittenoom Formation of the Hamersley Basin,
and by Sial et al. (2000) and Bekker et al. (2003) for
stromatolitic dolomites of the Gandarela Formation of
the Minas Basin.

7. Discussion

7.1. The origin of the dolomitic itabirite

The rocks of the Cauê Formation were subjected to
at least two tectonic events – intrusion of granitic and
mafic rocks, and metamorphism to green schist facies

– that transformed the original BIFs into the itabirites
observed today. Recently, proposed genetic models to
explain the origin of the high-grade iron ores formed
from BIFs involve early hydrothermal silica dissolution
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Table 6
Averages of major chemical components (wt%) in bulk analyses of BIFs of the Quadrilátero Ferrı́fero, Carajás, Hamersley, and Transvaal Basins

Quadrilátero Ferrı́fero Carajás Hamersley Transvaal

Dolomitic
itabirite, n = 11

Quartz itabirite,
n = 9

Serra Nortea,
n = 30

Dales Gorgeb,
n = 12

Kuruman oxide
BIFc, n = 9

Kuruman siderite
BIFc, n = 16

SiO2 1.01 41.74 40.60 44.22 46.47 39.99
Al2O3 0.32 0.18 0.20 0.38 0.07 0.10
Fe2O3 48.90 55.71 56.76 33.27 22.72 1.27
FeO 0.66 0.71 1.07 13.61 17.56 23.86
Total Fe 49.64 56.50 57.95 48.43 42.25 27.80
MnO 0.28 <0.01 0.05 <0.1 0.09 0.32
MgO 10.33 0.14 <0.10 1.83 2.36 5.03
CaO 14.36 0.46 <0.05 1.56 2.89 5.39
Na2O <0.01 <0.01 0.04 <0.05 0.02 0.02
K2O 0.03 <0.01 <0.01 <0.05 0.03 0.02
TiO2 0.02 <0.01 <0.05 0.007 <0.04 0.04
P2O5 0.12 0.13 <0.05 0.20 0.11 0.06
LOI 22.77 0.59 1.28 3.16 7.42 23.89
Fe# 0.99 0.99 0.98 0.69 0.54 0.05

Total Fe reported as Fe2O3. Fe# = Fe3+/(Fe3+ + Fe2+).
a Lindenmayer et al. (2001).
b
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Taylor et al. (2001).
c Klein and Beukes (1989).

nd simultaneous introduction of Ca-Fe-Mg-carbonates
n the original iron formation. This would be followed
y supergene leaching of carbonates, long after they
ormed, to create high-grade hematite ores (Taylor et al.,
001; Dalstra and Guedes, 2004; Thorne et al., 2004).
eukes et al. (2002) suggest that the soft high-grade iron
re of the Águas Claras Mine is a supergene-modified
ydrothermal ore, considering that the dolomitic itabirite
proto-ore) “obviously developed from the replacement
f chert-bands in iron-formation by carbonate”.

We do not agree with this hypothesis because there
s no field evidence to support it. On the contrary,
he co-existence of quartz and dolomitic itabirite is
ocally observed in drill cores and outcrops of the Águas
laras Mine, occasionally forming a triply banded rock

Fig. 6C). Quartz and dolomite are commonly inter-
rown in metachert, dolomite, and itabirite, without any
vidence of metamorphic reaction or hydrothermal sub-
titution. Dolomitic itabirite and dolomite of the Cauê
ormation occur throughout the Serra do Curral, out-
ropping along ca. 80 km, and also being recorded in
eep mine exposures and drill cores of the Mutuca,
apão Xavier, and Jangada mines (Fig. 1). Still, there

s no direct evidence observed so far of a regional

ydrothermal process of dolomitization of the quartz
tabirite.

Exposures of dolomitic itabirite interlayered with
olomite and sedimentary dolomitic breccia of the Gan-
darela Formation are recorded along the benches of the
Acaba Mundo Mine, on the north of the Águas Claras
Mine (Fig. 1). Interlayering of dolomitic itabirite and
dolomite of the Gandarela Formation has long been
described at the QF (e.g., Pomerene, 1964; Wallace,
1965; Dorr, 1969) and was also observed in exploratory
drill holes conducted by MBR in the Abóboras and
Gandarela region (Fig. 1) (MBR, internal reports). This
interlayering strongly suggests a sedimentary origin of
dolomitic itabirite, since the dolomite of the Gandarela
Formation clearly has a sedimentary origin, as indi-
cated by the presence of stromatolites. Accordingly,
the dolomitic itabirite would rather represent a facies
variation of the BIFs of the Cauê Formation than a prod-
uct of hydrothermal metasomatism of an original chert
BIF.

A marine origin for the dolomitic itabirite is also
supported by the C and O isotopes, which are similar
to those of other stromatolitic carbonates, e.g., in the
Gandarela Formation of the Minas Basin, in the Gamo-
haan Formation which underlies BIFs of the Kuruman
Iron Formation of the Transvaal Basin, and in the Late
Archean Wittenoom Formation of the Hamersley Basin
(Fig. 14). Carbon isotope data of the Cauê Formation are

also similar to those found in marine carbonates older
than ca. 2.32 Ga, supporting the interpretation that they
are seawater precipitates slightly modified by diagenetic
and metamorphic alteration.
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Fig. 13. Average trace element (A) composition of BIFs of Quadrilátero Ferrı́fero, Hamersley, Transvaal, and Carajás. (B) Trace element composition
normalized against PAAS of McLennan (1989), with the exception of Ta, Sb, and As contents that were normalized against NASC of Gromet et al.

kes (19
bira and
(1984). The data for Hamersley and Transvaal are from Klein and Beu
exception of Pb, Zn, Cu, Sc, and Sb contents, which are from Macam

Y/Ho ratios of the dolomitic itabirite provide further
constraints on its origin. Modern seawater has a Y/Ho
ratio (>44) that is substantially higher than chondritic
ratios (26–28). The vast majority of geologic materi-
als, including all volcanic rocks and clastic sediments,
have chondritic ratios (Nozaki et al., 1997). However,
sampled dolomitic itabirites have Y/Ho ratios ranging
from 34 to 52, with an average of 42 (Table 3), pointing
to the influence of seawater in the precipitation of the
carbonate.

The problem with a strictly sedimentary origin of the
dolomitic itabirite is that it is nearly impossible to pre-
cipitate dolomite, at earth surface temperatures, without
bacterial mediation (Warren, 2000). Dolomite, however,
is a common mineral component of BIFs, particularly

those deposited in shallow waters, where it is usually
associated with ankerite and calcite (e.g., Arora et al.,
1995; Dymek and Klein, 1988; Ewers and Morris, 1981;
Floran and Papike, 1978; Klein and Beukes, 1989), as
92). The data for Carajás are from Lindenmayer et al. (2001), with the
Schrank (2002).

in the Sokoman Iron Formation in the western edge
of the Labrador Trough (Klein and Fink, 1976) and in
the Nabberu Basin, Western Australia (Hall and Goode,
1978).

It view of the above arguments, it seems likely that
dolomite in the dolomitic rocks of the Cauê and Gan-
darela Formations is either a carbonate precipitated from
seawater through bacterial mediation, or a product of
dolomitization of earlier carbonates, a common process
in the Proterozoic.

7.2. The composition of the sediments and origin of
the compositional variation of the BIFs

Most authors agree that BIFs are chemical sediments

formed by precipitation of iron and silica from solutions
consisting of a mixture of seawater with hydrothermal
fluids. The main impurities are terrigenous sediments
carried by rivers or winds, or deposited by volcanic
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Fig. 14. Carbon and oxygen isotopes from carbonates of dolomitic
itabirite of the Cauê Formation and stromatolitic dolomite of the Gan-
darela Formation at the Quadrilátero Ferrı́fero; dolomite and BIFs of
the Hamersley Basin; and BIFs of the Transvaal Basin. Note the close
association of dolomitic itabirite carbonates with carbonates of the
Gandarela and Wittenoom Formations. The data for the Gandarela
Formation are from Sial et al. (2000) and Bekker et al. (2003); that
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or the Hamersley Basin are from Veizer et al. (1990); and that for the
ransvaal Basin from Beukes and Klein (1990).

ctivity (e.g., Kimberley, 1989; Klein and Beukes, 1989;
rora et al., 1995; Isley, 1995; Kato et al., 1998).
lthough controversies remain regarding the origin of
e and SiO2 in BIFs, most workers consider that these
omponents, together with Mn and a very low amount
f trace elements, are derived from the leaching of
asalt and komatiites of the ocean floor by hydrother-
al fluids (e.g., Dymek and Klein, 1988; Beukes and
lein, 1990; Shimizu et al., 1990; Klein and Beukes,
992; Bau and Möller, 1993; Kato et al., 1998). Only a
ew authors attribute the origin of Fe and SiO2 to the
eathering of continental rocks (e.g., Holland, 1984;
anikyamba et al., 1993; Kholodov and Butuzova,

001). This is because BIFs and deep hydrothermal
eposits have the same REE signature, characterized
y pronounced positive Eu anomalies and depletion of
REE (Derry and Jacobsen, 1990; Danielson et al.,
992).

BIFs of the Cauê Formation display geochemical
ignatures similar to those of other BIFs with very low
race element contents, high HREE fractionation, and
ositive Eu, Y, and La anomalies (Tables 2 and 3). The

pparent negative Ce anomalies that appear in many
EE patterns of itabirites are not interpreted here as true
egative anomalies (which are unusual for Paleopro-
erozoic BIFs) because they may result from anomalous
earch 152 (2007) 170–206 195

La enrichment and are not necessarily a consequence of
anomalous Ce behavior. According to Bau and Dulski
(1996), the combination of (Ce/Ce*)shale normalized < 1
and (Pr/Pr*)shale normalized > 1 indicates a neg-
ative Ce anomaly. Most itabirite samples show
(Ce/Ce*)shale normalized < 1 and (Pr/Pr*)shale normalized ∼= 1
(Appendix B). Thus, CePAAS negative anomalies
mean higher La abundances than indicated by back-
extrapolation from Sm over Nd and Pr. LaPAAS and
YPAAS anomalies are typical of recent seawater (Bau
et al., 1995). In Precambrian iron formations, these
anomalies are inherited from the marine surface water
(Bau and Dulski, 1996). The geochemical signatures
of itabirites are, therefore, consistent with the inter-
pretation that these rocks were formed by chemical
precipitation from mixtures of seawater and hydrother-
mal fluids. The incorporation of terrigenous sediments
in BIFs of the Cauê Formation is suggested by the
strong correlation between Al2O3 with TiO2, Zr, and
Th (Table 4). The low contents of these elements and
K2O (Table 2), however, indicate a very low degree of
contamination.

In BIFs of the Hamersley and Transvaal Basins,
shales and lutites are considered terrigenous deposits
originated from a primary volcanogenic source (Ewers
and Morris, 1981; Beukes et al., 1990; Morris, 1993).
These rocks consist essentially of stilpnomelane and
are chemically distinct from their host BIFs by higher
contents of Al2O3, TiO2, K2O, and Zr (Horstmann
and Hälbich, 1995). Itabirites of the Cauê Formation
at the Águas Claras Mine do not contain interlayered
shales or lutite. However, the ferrous and aluminous
micaceous minerals found as thin laminas (Fig. 9D)
both in the argillaceous dolomite and in the dolomite
of the transition zone to the Gandarela Formation are
strong evidence of the terrigenous contribution to these
rocks. On the other hand, a volcanic contribution to the
chemical sediments of the Cauê Formation has been
recently suggested by Suckau et al. (2005) and Pires
et al. (2005) but this needs to be further investigated.
A better appreciation of the contribution of terrigenous
components in the predominantly chemical sediments
of BIFs in the QF is particularly important to under-
stand the genesis of amphibolitic itabirite. Verı́ssimo
(1999) and Verı́ssimo et al. (2002) considered the amphi-
bolitic itabirite a silicate BIF but did not discuss its
origin. We propose that silicate minerals in this itabirite
type could be formed from terrigenous or volcanic

components.

The mineralogy of the dolomitic and quartz itabirites,
made up almost exclusively of hematite, dolomite, and
quartz, provides little information about their origi-
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nal composition and depositional environment of the
sediments, making it difficult to understand their ori-
gin. However, major and trace element composition
can provide insights on this point. Dolomitic itabirite
at the Águas Claras Mine has higher average Al2O3
and

∑
REE contents than quartz itabirite. This sug-

gests a greater contribution of terrigenous material to the
dolomitic itabirite and, therefore, a depositional environ-
ment closer to the continent. On the other hand, Al2O3
and REE contents are higher at the base of the Cauê
Formation and decrease towards the top, pointing to a
gradual reduction of the terrigenous flux in the Minas
Basin with time.

Further constraints on the source of sediments and the
paleodepositional environment of itabirites come from
their REEYPAAS patterns. Different REE fractionation
patterns of dolomitic and quartz itabirites indicate vari-
ation in the composition of seawater (Fig. 12B and E).
Elderfield et al. (1990) showed that the (Sm/Yb)PAAS
ratio and the pH are negatively correlated in seawater.
The higher (Sm/Yb)PAAS ratio of the quartz itabirite is
therefore consistent with a lower pH of the solution
from which silica precipitated. (Sm/Yb)PAAS ratio in
BIFs is controlled by marine surface water components
(Bau and Möller, 1993). The differences between the
REEY pattern of dolomitic and quartz itabirites shown
in Fig. 12 probably reflect variation of the pH of sea-
water. Accordingly, dolomitic itabirite is related to more
alkaline surface waters and quartz itabirite, to slightly
acidic bottom water.

The precipitation of chert in the seawater is inde-
pendent from the Eh conditions (Kato and Nakamura,
2003), being dependent only on the concentration of
dissolved silica and on the pH of the solution. Local
variations in the pH and the concentration of silica in
seawater should favor the precipitation of either car-
bonate or chert and, together with a variable degree of
terrigenous input, should control the deposition of the
three major compositional types of BIFs of the Cauê
Formation. The intimate association of chert and car-
bonate implies that their precipitation occurred under
conditions close to the stability field of both minerals.
Minor pH variations could be related to the upwelling of
slightly acidic marine bottom waters carrying Fe hydrox-
ides and dissolved silica onto the carbonate platform.
The presence of triply layered itabirite (Fig. 6C) pro-
vides additional support for our hypothesis that pH was
one of the major factors controlling the type of BIF

precipitation.

The changes in the chemistry of seawater and in the
input of terrigenous components could also be related to
regression–transgression cycles. Changes in water depth
earch 152 (2007) 170–206

evidenced by lithological variations in the Minas Super-
group indicate that marine transgression–regression
cycles occurred during the deposition of the Minas
Basin. From the Moeda Formation to the Cauê For-
mation, the lithological variations point to increasingly
deep conditions that are associated with transgression.
Additional support for marine transgression–regression
cycles during the deposition of the Cauê Formation
comes from the occurrence of GIF at the transition
from argillaceous dolomite to ferruginous dolomite. GIF
is considered to have formed by submarine rework-
ing of earlier deposited BIFs. Regression–transgression
cycles are generally responsible for such erosion, which
results in deposition of eroded material close to the
BIF (Simonson, 1985; Klein and Beukes, 1989; Morris,
1993). At the Águas Claras Mine GIF was formed from
the erosion of older quartz itabirite. Quartz itabirite
shows meso and microbanding, suggesting that it was
deposited below wave-base conditions. GIF, however,
has ooids and intraclasts cemented by dolomite, com-
patible with shallow water, above wave-base conditions.
This indicates that the depositional environment was
controlled by both the sea level and the seawater com-
position.

Deposition of BIFs during marine transgressions was
suggested for BIFs of the Hamersley and Transvaal
Basins (Klein and Beukes, 1989; Simonson et al., 1993;
Simonson, 1996), both contemporaneous with the Minas
Basin (Babinski et al., 1995b). Klein and Beukes (1989)
associated the deposition of the Kuruman BIF to a major
transgressive event that extensively submerged the Kaap-
vaal craton. Renger et al. (1994) emphasized the close
similarities between the Kaapvaal and Minas Basins and
suggested that the Cauê Formation in the Minas Basin
is the counterpart of the Kuruman Formation in the
Kaapvaal Basin. In view of the available evidence, it
seems probable that BIFs of the Cauê Formation were
also deposited during a major transgressive cycle in the
Paleoproterozoic.

The carbon isotope signature of dolomitic itabirite
is quite similar to that of stromatolitic dolomites of the
Gandarela, Gamohaan, and Wittenoom Formations, but
different from that of BIFs of the Transvaal and Hamer-
sley Basins, which are more depleted in 13C (Fig. 14).
The Gamohaan Formation underlies the siderite BIFs of
the Kuruman Formation and is composed of interbed-
ded shale, BIFs, limestone, and dolomite. Klein and
Beukes (1989) ascribe the sedimentary facies of the

Gamohaan Formation to a change of only a few meters in
water depth. Carbonates deposited in shallow water and
BIF in deeper waters, during the peak of transgressions.
Beukes et al. (1990) show that the limestone-dolomite-
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quartz itabirite do not differ significantly in trace element
contents.

The HREE enrichment pattern exhibited by both
itabirites shows a modern seawater REE signature over-
printed by a hydrothermal pattern represented by positive
EuPAAS anomalies. The hypothesis of a marine sedimen-
tary origin of the dolomitic itabirite is reinforced by its
REE signature and C and O isotope composition, typ-
ical of marine carbonates, and by its Y/Ho ratio very
similar to that of seawater. Low Al2O3 and TiO2 con-
centrations and a strong positive correlation between
them point to a minor terrigenous component in the
precipitated marine sediments of the Cauê Formation.
The differences in the REE signatures of the itabirites
suggest that they precipitated from aqueous solutions
of different compositions. Whereas dolomitic itabirite
received a more important contribution of marine surface
waters, quartz itabirite formation was more influenced by
marine bottom waters. Sea-level fluctuations caused by
marine transgression–regressions possibly contributed
to changes in the seawater composition. These changes
are expressed by the co-existence of dolomitic-, quartz-,
and amphibolitic itabirites, which represent lateral and
vertical facies transitions of carbonatic, cherty, and shaly
BIFs, respectively.
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Appendix A. Major and trace element composition

Sample M140 M141 M132 M134 M135 M137 M138 M139 M4 M5 M6 M7
Seric.
Phyl.

Seric.
Phyl.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

wt%
SiO2 66.38 60.28 7.37 19.19 12.48 13.01 40.27 51.57 1.97 1.27 1.73 0.80
Al2O3 19.69 17.52 1.81 1.72 1.23 0.61 1.42 0.05 0.77 0.33 0.72 0.26
Fe2O3 1.31 2.04 2.44 0.58 1.26 0.42 0.23 0.33 45.30 39.65 44.62 45.86
Fetot 1.73 5.33 8.54 4.21 5.43 5.79 3.71 2.67 46.30 40.26 45.65 46.46
FeO 0.38 2.96 5.49 3.27 3.75 4.83 3.13 2.11 0.90 0.55 0.93 0.54
MnO <0.01 0.05 0.72 0.40 0.43 0.40 0.20 0.22 0.25 0.27 0.43 0.37
MgO 1.22 4.90 15.27 14.81 16.72 15.55 11.44 8.97 11.19 12.30 11.04 11.13
CaO 0.09 0.12 25.08 22.63 24.45 25.38 16.54 14.36 14.48 17.26 14.83 15.51
Na2O 0.09 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01
K2O 6.73 5.03 0.45 0.59 0.06 0.10 0.20 <0.01 0.11 0.06 0.05 <0.01
TiO2 0.79 0.74 0.08 0.07 0.06 0.03 0.05 <0.01 0.04 0.01 0.06 0.01
P2O5 0.09 0.06 0.02 0.03 0.03 0.02 0.03 0.01 0.10 0.11 0.19 0.13
Ctot 0.25 10.10 11.10 11.20 6.35
Cgrap 0.18 0.30 0.36 0.25 <0.05
Corg 0.04 0.10 0.13 0.10 0.05
CO2 0.11 35.50 39.00 39.70 23.10
S 0.009 0.006 0.029 0.089 0.027 0.116 0.153 0.010 <0.001 <0.001 <0.001 <0.001
LOI 3.32 4.65 39.78 35.67 38.92 39.01 26.21 22.61 23.79 27.27 23.95 24.05

Total 100.14 98.72 99.12 99.28 99.80 99.88 100.07 100.42 99.00 99.20 98.62 96.68

ppm
Ba 360.0 296.0 24.0 24.0 8.0 12.0 16.0 <1.0 11.0 15.0 15.0 19.0
Sr 17.0 11.0 28.0 21.0 16.0 19.0 13.0 12.0 38.0 48.0 56.0 28.0
Y 27.0 25.0 11.0 7.0 8.0 8.0 7.0 <1.0 10.0 7.0 12.0 8.0
Sc 16.0 17.0 3.0 2.0 2.0 2.0 2.0 <1.0 2.0 <1.0 2.0 <1.0
Zr 184.0 173.0 18.0 27.0 17.0 11.0 16.0 <1.0 17.0 11.0 21.0 18.0
Be 3.0 2.0 1.0 <1.0 <1.0 <1.0 <1.0 <1.0 2.0 <1.0 2.0 1.0
V 122.0 122.0 17.0 14.0 11.0 10.0 13.0 <5.0 23.5 14.3 25.8 11.9
Ni 44.5 88.4 5.3 9.4 10.2 6.6 12.3 1.4 5.6 3.5 6.9 2.8
Cu 48.3 28.0 18.9 13.0 5.7 14.5 37.5 3.9 9.5 9.4 10.7 10.9
Zn 7.6 44.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 9.9 13.6 16.5 3.7
Ga 27.5 23.6 2.6 2.5 1.9 1.0 2.2 <1.0 1.6 <1.0 1.4 <1.0
Ge 2.6 2.9 <0.5 <0.5 <0.5 <0.5 0.9 0.6 2.1 1.8 1.8 2.1
Rb 227.6 174.6 11.5 19.4 4.4 4.5 8.7 <1.0 5.5 <1.0 <1.0 2.2
Nb 10.6 11.6 0.9 1.0 0.8 0.4 0.9 <0.2 1.6 1.1 1.5 0.9
Mo <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0
Ag <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn 3.6 3.0 <1.0 1.1 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Cs 8.7 4.9 0.4 0.8 0.3 0.1 0.3 <0.1 1.0 0.2 0.2 0.3∑

REE 233.3 220.7 47.0 30.6 32.7 28.7 21.8 4.9 21.7 14.6 40.0 13.6
Hf 5.3 5.2 0.4 0.8 0.5 0.2 0.5 <0.1 0.1 0.1 0.3 <0.1
Tl 1.5 0.6 0.1 0.3 0.1 <0.1 0.2 <0.1 0.1 <0.1 0.2 0.1
Pb 22.4 7.3 <3.0 <3.0 <3.0 4.8 <3.0 <3.0 8.7 10.1 5.7 3.2
Bi 2.1 2.0 2.3 2.5 3.0 <0.1 4.0 3.0 0.4 0.1 0.2 <0.1
Th 21.7 19.1 2.6 2.4 1.5 0.7 1.3 <0.1 1.4 0.7 1.3 0.5
U 6.7 4.4 1.2 0.8 0.7 0.5 0.6 0.2 2.5 1.6 2.8 1.3
As 16.2 <5.0 5.9 6.5 <5.0 <5.0 <5.0 <5.0 9.6 5.9 15.5 <5.0
Cr 210.3 233.8 <20.0 <20.0 <20.0 <20.0 <20.0 <20.0 44.0 148.0 104.0 <20.0
Sb 4.0 1.5 0.4 0.7 0.8 0.3 0.8 <0.2 1.3 0.7 1.2 0.9
Cd 0.80 0.64 2.06 1.26 <0.30 1.24 1.67 0.75 0.73 0.84 0.55 1.15
Fe# 0.76 0.38 0.29 0.14 0.23 0.07 0.06 0.12 0.98 0.98 0.98 0.99
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Sample M8 M9 M10 M11 M96 P55 27 P55 61 P3 18 P3 23 P3 36 P3 50 P54 80
Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Dol.
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

wt%
SiO2 0.83 0.53 0.84 0.63 1.00 0.65 0.86 61.95 49.19 39.87 30.89 19.71
Al2O3 0.20 0.09 0.26 0.10 0.57 0.17 0.07 0.14 0.32 0.52 0.06 0.12
Fe2O3 42.14 52.43 54.03 67.61 59.05 44.36 42.84 37.18 49.10 54.27 68.44 76.75
Fetot 42.92 53.00 54.92 68.11 60.03 45.02 43.33 37.37 49.37 54.51 68.66 79.34
FeO 0.70 0.51 0.80 0.45 0.88 0.59 0.44 0.17 0.24 0.22 0.20 2.33
MnO 0.28 0.23 0.27 0.18 0.25 0.32 0.25 <0.01 0.01 0.04 0.03 <0.01
MgO 12.02 9.69 9.24 6.49 7.98 11.00 11.50 0.06 0.12 0.80 0.02 0.03
CaO 16.79 13.74 12.91 9.47 11.07 15.68 16.27 0.09 0.38 1.21 0.06 0.22
Na2O <0.01 <0.01 <0.01 <0.01 0.27 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01
K2O <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 0.01
TiO2 0.01 0.02 0.01 0.01 0.04 0.01 <0.01 <0.01 0.01 0.03 <0.01 <0.01
P2O5 0.05 0.08 0.17 0.17 0.07 0.12 0.10 0.07 0.32 0.04 0.03 0.19
Ctot 7.05 5.50 6.90
Cgrap 0.05 <0.05 <0.05
Corg <0.05 0.05 <0.05
CO2 25.80 20.20 25.30
S <0.001 <0.001 0.007 0.016 0.003 0.007 <0.001 <0.001 0.003
LOI 25.97 21.33 20.10 13.49 18.33 25.68 26.49 0.21 0.46 2.23 0.40 <0.02

Total 99.03 98.71 98.72 98.70 99.55 98.60 98.92 99.85 100.21 99.27 100.08 99.61

ppm
Ba 7.0 17.0 11.0 13.0 5.0 17.0 12.0 21.0 5.0 21.0 13.0 18.0
Sr 29.0 22.0 24.0 19.0 17.0 24.0 23.0 1.0 4.0 3.0 2.0 8.0
Y 4.0 5.0 7.0 9.0 6.0 8.0 9.0 1.0 5.0 6.0 3.0 4.0
Sc <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Zr 15.0 7.0 21.0 11.0 19.0 5.0 9.0 8.0 10.0 20.0 7.0 14.0
Be <1.0 <1.0 <1.0 <1.0 1.0 <1.0 1.0 <1.0 1.0 1.0 2.0 1.0
V 36.4 5.0 9.6 20.0 84.3 38.0 13.0 7.2 27.0 42.8 21.0 22.0
Ni 4.7 10.0 10.2 10.0 33.0 13.1 10.6 8.8 9.4 7.5 20.0 4.7
Cu 10.6 5.0 10.2 5.0 5.0 <1.0 <1.0 9.0 <1.0 11.8 <1.0 <1.0
Zn 8.4 5.0 9.3 5.0 47.5 9.4 <1.0 <1.0 2.0 <1.0 5.2 4.4
Ga <1.0 <1.0 <1.0 <1.0 1.0 <1.0 <1.0 1.2 <1.0 1.2 <1.0 <1.0
Ge 1.9 2.1 <0.5 0.8 3.2 2.1 2.0 3.6 3.8 2.4 6.3 3.2
Rb <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.9 <1.0 <1.0
Nb 0.8 <0.2 0.8 <0.2 1.6 0.3 0.9 0.8 0.4 0.9 0.3 0.4
Mo <2.0 <2.0 <2.0 <2.0 <1.0 53.7 <2.0 <2.0 <2.0 <2.0 4.7 <2.0
Ag <0.3 1.6 <0.3 1.5 <0.5 0.4 0.5 <0.3 0.4 <0.3 0.3 0.4
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1.0 <1.0 <1.0 4.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Cs <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1∑

REE 8.3 7.4 10.4 9.6 9.7 12.7 12.9 4.1 12.1 14.0 4.8 7.7
Hf <0.1 0.2 <0.1 <0.1 0.2 <0.1 <0.1 0.1 <0.1 0.2 <0.1 <0.1
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pb 5.1 8.0 7.3 <3.0 <3.0 <3.0 <3.0 4.6 <3.0 <3.0 <3.0 <3.0
Bi 0.1 0.2 <0.1 0.5 0.1 5.1 6.0 0.2 4.1 <0.1 <0.1 6.5
Th 0.3 0.2 0.4 0.2 0.6 0.2 0.1 0.1 0.1 0.4 <0.1 0.1
U 1.0 1.1 1.2 2.0 4.5 2.1 2.8 1.4 2.7 3.0 1.0 1.0
As <5.0 <5.0 <5.0 6.1 12.0 5.0 7.0 12.3 15.6 8.4 12.5 <5.0
Cr 26.0 68.0 23.0 110.0 29.0 <20.0 <20.0 <20.0 20.3 22.0 <20.0 <20.0
Sb 1.1 1.1 0.2 2.1 3.4 2.6 3.2 3.0 3.3 3.0 3.2 1.6
Cd 0.37 1.25 6.19 4.80 0.91 3.99 0.81 3.35 4.97
Fe# 0.98 0.99 0.98 0.99 0.98 0.99 0.99 0.99 0.99 1.00 1.00 0.97



200 C.A. Spier et al. / Precambrian Research 152 (2007) 170–206

Sample P54 85 P54 120 P54 124 P3 69 P3 83 P3 103 P3 122 P3 138 P3 152 P3 170 P3 185 P3 196
Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Mixed
Itabir.

Quartz
Itabir.

Mixed
Itabir.

Cherty
Dol.

Cherty
Dol.

Cherty
Dol.

Cherty
Dol.

Cherty
Dol.

wt%
SiO2 38.18 58.82 50.43 26.62 27.74 53.28 50.34 28.21 11.08 6.56 21.06 14.58
Al2O3 0.10 0.13 0.13 0.09 0.44 0.12 0.08 0.73 3.07 0.27 0.55 0.33
Fe2O3 58.92 40.43 47.74 68.58 31.99 37.08 31.88 21.29 5.20 6.64 16.85 6.96
Fetot 60.63 40.86 49.07 68.71 33.10 37.40 32.34 22.95 9.17 8.32 18.56 11.76
FeO 1.54 0.39 1.20 0.12 1.00 0.29 0.41 1.49 3.57 1.51 1.54 4.32
MnO <0.01 <0.01 <0.01 0.08 0.33 0.09 0.26 0.30 0.41 0.66 0.39 0.58
MgO 0.01 <0.01 0.02 0.17 8.05 1.79 3.18 10.08 18.44 17.25 12.37 13.95
CaO 0.13 0.16 0.18 1.69 11.24 2.98 5.20 13.84 21.42 25.87 17.63 22.45
Na2O 0.02 0.02 <0.01 <0.01 0.04 0.01 0.10 0.02 0.07 0.02 <0.01 0.10
K2O <0.01 <0.01 0.02 0.04 0.04 <0.01 0.08 <0.01 0.10 <0.01 <0.01 <0.01
TiO2 <0.01 <0.01 <0.01 <0.01 0.03 0.01 <0.01 0.06 0.26 0.03 0.04 0.02
P2O5 0.14 0.15 0.17 0.08 0.06 0.17 0.06 0.05 0.06 0.02 0.03 0.02
Ctot 4.80 6.05 9.65 9.80
Cgrap <0.05 <0.05 <0.05 <0.05
Corg <0.05 <0.05 0.05 <0.05
CO2 17.60 22.20 35.40 35.90
S 0.005 0.013 0.007 <0.001 <0.001 <0.001 <0.001 0.004 <0.001 0.038 0.014 <0.001
LOI 0.04 0.20 0.18 1.58 17.79 4.51 7.76 22.44 35.14 39.83 28.10 34.78

Total 99.25 100.34 100.17 99.05 98.86 100.33 99.40 98.62 99.21 98.81 98.71 98.56

ppm
Ba 21.0 20.0 14.0 6.0 16.0 4.0 7.0 6.0 9.0 7.0 4.0 5.0
Sr 8.0 4.0 7.0 8.0 37.0 9.0 8.0 19.0 38.0 41.0 23.0 23.0
Y 4.0 4.0 5.0 3.0 5.0 3.0 3.0 4.0 9.0 7.0 3.0 3.0
Sc <1.0 <1.0 <1.0 <1.0 1.0 <1.0 <1.0 2.0 4.0 <1.0 2.0 1.0
Zr 13.0 10.0 8.0 18.0 14.0 9.0 4.0 12.0 35.0 9.0 14.0 10.0
Be 1.0 <1.0 1.0 2.0 1.0 2.0 <1.0 2.0 1.0 1.0 1.0 <1.0
V 52.0 18.0 11.0 <5.0 6.5 <5.0 <5.0 10.0 32.4 6.0 9.0 <5.0
Ni 7.9 12.5 9.1 14.8 16.4 12.7 3.4 13.9 36.8 13.5 9.0 2.8
Cu <1.0 <1.0 <1.0 9.6 5.8 <1.0 9.1 1.2 1.8 1.6 <1.0 1.9
Zn 3.6 1.9 2.8 <1.0 8.2 7.1 <1.0 18.4 20.9 <1.0 3.8 <1.0
Ga <1.0 <1.0 <1.0 <1.0 1.2 <1.0 <1.0 1.1 5.2 <1.0 <1.0 <1.0
Ge 4.3 2.7 3.0 3.2 2.4 5.2 3.2 1.6 1.2 <0.5 0.9 <0.5
Rb <1.0 1.7 <1.0 <1.0 1.1 <1.0 <1.0 <1.0 6.3 1.1 1.3 <1.0
Nb 0.6 2.9 0.3 0.5 1.3 <0.2 0.7 0.6 1.8 0.3 0.5 0.7
Mo <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0
Ag 0.3 0.4 0.3 <0.3 <0.3 <0.3 <0.3 0.3 <0.3 <0.3 <0.3 <0.3
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Cs <0.1 0.2 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <0.1 <0.1 <0.1∑

REE 5.8 9.8 8.8 7.1 7.7 7.5 4.8 10.5 15.3 10.6 9.6 7.5
Hf <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.2 0.5 0.2 0.2 0.1
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pb <3.0 <3.0 <3.0 8.2 13.7 <3.0 5.6 <3.0 3.3 <3.0 <3.0 4.2
Bi <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.1 <0.1 2.1 <0.1
Th 0.1 0.1 0.1 0.1 0.4 0.1 0.1 0.6 1.8 0.4 0.7 0.6
U 0.9 1.7 1.6 1.5 1.3 0.7 0.9 2.1 1.1 1.0 1.1 0.4
As 5.7 7.4 9.1 14.3 7.9 19.6 6.0 <5.0 <5.0 <5.0 <5.0 <5.0
Cr <20.0 <20.0 <20.0 <20.0 28.0 <20.0 <20.0 164.9 <20.0 <20.0 <20.0 <20.0
Sb 2.5 2.5 3.2 2.6 2.0 2.5 1.3 0.8 0.7 0.3 0.7 0.3
Cd 5.46 2.74 3.68 0.99 0.37 2.30 0.80 2.14 0.38 2.78 2.74 0.41
Fe# 0.97 0.99 0.97 1.00 0.97 0.99 0.99 0.93 0.57 0.80 0.91 0.59
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Sample M5A M6A M7A M8A M10A M11A M1 M16 M81 M100 M102 M103

wt% Iron-rich band of dolomitic itabirite Dolomite-rich band of dolomitic itabirite
SiO2 1.10 1.27 0.98 0.79 0.71 0.62 0.34 0.77 0.33 0.14 2.31 0.49
Al2O3 0.37 0.47 0.26 0.22 0.28 0.10 0.10 0.46 0.12 0.07 1.02 0.21
Fe2O3 83.43 84.77 82.38 69.75 65.04 81.92 15.42 23.92 8.74 7.00 4.49 5.99
Fetot 83.74 85.13 82.61 70.11 65.57 82.23 16.06 25.00 9.48 7.21 6.15 6.55
FeO 0.28 0.32 0.21 0.32 0.48 0.28 0.58 0.97 0.67 0.19 1.49 0.50
MnO 0.07 0.06 0.11 0.18 0.20 0.10 0.48 0.55 0.62 0.54 0.32 0.48
MgO 3.00 2.92 3.36 5.76 6.51 3.09 17.35 15.99 18.86 19.73 19.72 19.34
CaO 3.59 3.08 4.28 8.03 9.18 4.56 25.12 22.62 26.82 28.40 26.40 27.80
Na2O <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 0.23 0.02 0.03
K2O <0.01 0.06 0.02 <0.01 <0.01 <0.01 0.11 <0.01 0.01 <0.01 0.10 0.13
TiO2 0.02 0.02 0.02 0.01 0.02 0.01 <0.01 0.03 0.02 0.01 0.05 <0.01
P2O5 0.12 0.04 0.04 0.11 0.18 0.20 0.22 0.06 0.02 0.04 0.02 0.02
S <0.001 <0.001 <0.001 <0.001 0.012 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LOI 6.83 6.07 8.13 14.17 16.30 7.93 36.88 34.51 42.63 43.91 42.39 43.55
Total 98.78 99.12 99.80 99.35 98.89 98.77 98.69 99.99 98.81 100.28 98.50 98.60

ppm
Ba 10.0 8.0 14.0 11.0 11.0 13.0 30.0 21.0 37.0 7.0 8.0 21.0
Sr 12.0 8.0 10.0 15.0 19.0 13.0 41.0 38.0 56.0 74.0 29.0 39.0
Y 3.0 3.0 6.0 5.0 6.0 5.0 10.0 9.0 10.0 13.0 10.0 5.0
Sc <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.0 <1.0
Zr 15.0 15.0 15.0 14.0 14.0 15.0 7.0 15.0 9.0 1.0 10.0 6.0
Be 2.0 2.0 1.0 1.0 1.0 1.0 <1.0 1.0 <1.0 <1.0 1.0 <1.0
V 14.0 28.0 29.0 121.0 13.0 13.0 15.6 20.2 <5.0 6.9 8.8 7.5
Ni 11.2 16.7 14.5 13.4 25.2 9.8 6.4 10.9 8.4 10.0 5.5 2.6
Cu <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 7.4 4.8 2.6 11.6 1.8 2.9
Zn 13.8 13.9 14.3 11.7 11.6 12.4 9.2 4.7 10.5 5.0 4.4 <1.0
Ga 1.2 1.5 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.7 <1.0
Ge 2.6 4.0 4.5 3.1 3.2 4.2 0.6 0.7 <0.5 <0.5 <0.5 <0.5
Rb 1.6 3.8 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.2
Nb 0.3 0.4 0.7 0.3 0.3 <0.2 1.4 0.9 0.8 0.6 1.0 0.6
Mo <2.0 <2.0 3.9 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <1.0 <2.0 <2.0
Ag 0.5 0.4 0.3 <0.3 0.6 0.5 <0.3 <0.3 <0.3 <0.5 <0.3 <0.3
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1.0 <1.0 <1.0 <1.0 1.4 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Cs 0.3 0.8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1∑

REE 10.2 10.0 10.8 8.4 10.5 8.2 12.7 19.5 11.9 21.7 34.0 13.5
Hf <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.2 <0.1
Tl <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Pb <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 7.0 9.4 8.2 <3.0 8.1 6.9
Bi 5.0 <0.1 <0.1 2.2 3.0 <0.1 <0.1 0.1 0.1 <0.1 0.3 <0.1
Th 0.3 0.3 0.3 0.2 0.3 0.1 2.4 0.6 0.5 0.2 1.1 0.2
U 2.9 3.0 1.5 1.7 1.4 1.9 1.3 2.3 2.1 0.9 2.4 1.1
As <5.0 13.8 7.3 <5.0 7.6 5.6 5.8 7.1 <5.0 4.4 <5.0 6.5
Cr 81.1 <20.0 <20.0 <20.0 <20.0 <20.0 27.0 24.0 <20.0 60.0 <20.0 <20.0
Sb 0.5 1.8 1.4 1.1 1.4 1.8 0.7 0.9 1.1 0.3 1.2 4.9
Cd 2.87 4.75 6.00 4.99 4.07 5.14 0.55 0.33 0.67 0.31 0.32
Fe# 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 0.92 0.97 0.73 0.92

Fetot expressed as Fe2O3. Fe# = Fe3+/(Fe3+ + Fe2+).
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Appendix B. Rare earth element composition (ppm)

Sample M140 M141 M132 M134 M135 M137 M138 M139 M4 M5 M6 M7 M8 M9 M10 M11
Litho Seric. Phyl. Seric. Phyl. Arg.

Dol.
Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Arg.
Dol.

Dol. Itabir. Dol. Itabir. Dol. Itabir. Dol. Itabir. Dol. Itabir. Dol. Itabir. Dol. Itabir. Dol. Itabir.

La 47.32 50.86 8.93 5.18 5.93 4.92 3.38 1.01 3.89 2.46 10.92 2.29 1.52 1.08 1.71 1.43
Ce 101.83 100.90 17.57 12.29 13.08 10.40 7.66 1.86 7.17 4.92 12.88 4.21 2.42 2.21 3.00 2.75
Pr 11.68 10.33 1.95 1.52 1.46 1.32 1.00 0.22 0.82 0.56 1.44 0.49 0.32 0.28 0.39 0.38
Nd 42.65 34.19 8.08 5.70 5.70 5.45 4.21 0.91 3.64 2.49 5.97 2.25 1.48 1.25 1.90 1.69
Sm 8.32 6.15 2.23 1.16 1.32 1.17 0.96 0.19 0.81 0.55 1.16 0.51 0.29 0.33 0.40 0.44
Eu 1.87 1.44 0.96 0.46 0.43 0.45 0.31 0.07 0.34 0.24 0.56 0.25 0.14 0.11 0.17 0.18
Gd 6.32 4.59 1.88 1.09 1.07 1.20 0.93 0.18 1.06 0.73 1.59 0.71 0.45 0.45 0.62 0.60
Tb 0.90 0.75 0.34 0.19 0.20 0.22 0.18 0.03 0.20 0.14 0.28 0.13 0.08 0.08 0.11 0.11
Dy 4.75 4.33 2.04 1.03 1.27 1.26 1.04 0.16 1.32 0.90 1.91 0.92 0.54 0.51 0.73 0.69
Y 27.00 25.0 11.0 7.0 8.0 8.0 7.0 1.0 10.5 8.0 14.1 8.7 5.4 6.1 7.5 7.6
Ho 1.01 0.93 0.39 0.24 0.28 0.28 0.24 0.04 0.31 0.21 0.41 0.22 0.13 0.12 0.18 0.16
Er 3.11 2.81 1.10 0.80 0.84 0.93 0.84 0.12 0.98 0.66 1.31 0.69 0.41 0.40 0.54 0.51
Tm 0.42 0.40 0.16 0.11 0.13 0.14 0.13 0.02 0.14 0.09 0.19 0.10 0.06 0.06 0.08 0.08
Yb 2.69 2.57 1.17 0.71 0.87 0.82 0.79 0.10 0.92 0.60 1.21 0.69 0.38 0.46 0.48 0.51
Lu 0.44 0.43 0.17 0.13 0.14 0.14 0.14 0.02 0.16 0.09 0.20 0.11 0.07 0.08 0.08 0.08∑

REE 260.29 245.69 57.96 37.61 40.71 36.71 28.82 5.93 32.27 22.63 54.11 22.28 13.74 13.53 17.93 17.22
La/YbPAAS 1.30 1.46 0.57 0.54 0.51 0.44 0.31 0.78 0.31 0.30 0.67 0.25 0.29 0.17 0.26 0.21
La/NdPAAS 0.98 1.32 0.98 0.81 0.92 0.80 0.71 0.98 0.95 0.88 1.62 0.90 0.92 0.77 0.80 0.75
Ce/Ce∗

PASS 1.00 1.02 0.97 1.01 1.03 0.94 0.96 0.90 0.93 0.97 0.75 0.91 0.80 0.92 0.85 0.86
Eu/Eu∗

PASS 1.21 1.27 2.21 1.95 1.69 1.79 1.57 1.84 1.73 1.79 1.95 1.97 1.88 1.42 1.62 1.61
Y/Y∗

PASS 0.99 0.99 0.98 1.13 1.08 1.07 1.12 1.02 1.31 1.46 1.27 1.54 1.67 2.00 1.67 1.84
Pr/Pr∗PASS 1.04 1.03 0.96 1.07 0.99 1.03 1.03 1.01 0.94 0.94 0.97 0.94 0.99 1.01 0.96 1.03
La/SmPAAS 0.83 1.20 0.58 0.65 0.65 0.61 0.51 0.76 0.70 0.65 1.37 0.65 0.75 0.48 0.62 0.47
Sm/YbPAAS 1.57 1.22 0.97 0.83 0.78 0.73 0.62 1.03 0.45 0.47 0.49 0.38 0.39 0.36 0.42 0.44
Sm/Yb 3.09 2.39 1.91 1.63 1.53 1.43 1.21 2.02 0.88 0.92 0.96 0.74 0.77 0.71 0.83 0.87
Y/Ho 26.83 26.74 28.03 29.73 29.03 28.54 29.59 26.48 33.81 37.79 34.11 39.22 43.49 52.03 42.41 48.69

Sample M96 P55 27 P55 61 P3 18 P3 23 P3 36 P3 50 P54 80 P54 85 P54 120 P54 124 P3 69 P3 83 P3 103 P3 122 P3 138
Litho Dol. Itabir. Dol. Itabir. Dol. Itabir. Quartz

Itabir.
Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Qz Dol. Qz Dol. Qz Dol. Qz Dol. Qz Dol.

La 1.32 2.17 1.27 0.68 1.81 2.15 1.37 1.22 1.00 1.53 1.41 1.41 1.25 1.14 0.61 1.79
Ce 2.95 3.40 3.32 1.22 3.61 3.11 1.38 2.05 1.53 2.81 2.68 2.51 2.39 2.51 1.46 3.70
Pr 0.40 0.51 0.52 0.14 0.52 0.57 0.21 0.28 0.20 0.39 0.31 0.24 0.26 0.32 0.15 0.47
Nd 1.83 2.39 2.60 0.73 2.42 3.36 0.67 1.46 0.97 2.06 1.49 1.12 1.27 1.48 0.78 1.90
Sm 0.49 0.63 0.82 0.20 0.66 0.87 0.16 0.41 0.28 0.54 0.43 0.26 0.30 0.33 0.21 0.40
Eu 0.16 0.20 0.25 0.08 0.21 0.28 0.05 0.16 0.11 0.17 0.18 0.10 0.13 0.10 0.08 0.14
Gd 0.60 0.73 0.90 0.29 0.85 1.14 0.22 0.48 0.34 0.65 0.50 0.40 0.47 0.43 0.35 0.47
Tb 0.10 0.13 0.17 0.05 0.14 0.18 0.04 0.09 0.07 0.11 0.09 0.07 0.09 0.07 0.07 0.08
Dy 0.62 0.86 1.03 0.32 0.75 1.01 0.26 0.58 0.45 0.63 0.63 0.42 0.58 0.42 0.42 0.51
Y 6.4 8.0 9.0 2.0 5.0 7.3 3.0 4.0 4.0 4.0 5.0 3.8 5.1 3.0 3.8 4.0
Ho 0.15 0.19 0.23 0.06 0.17 0.20 0.06 0.13 0.10 0.13 0.13 0.09 0.13 0.10 0.09 0.12
Er 0.47 0.63 0.71 0.18 0.46 0.56 0.17 0.38 0.32 0.40 0.41 0.26 0.40 0.30 0.26 0.39
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Sample M96 P55 27 P55 61 P3 18 P3 23 P3 36 P3 50 P54 80 P54 85 P54 120 P54 124 P3 69 P3 83 P3 103 P3 122 P3 138
Litho Dol. Itabir. Dol. Itabir. Dol. Itabir. Quartz

Itabir.
Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Quartz
Itabir.

Qz Dol. Qz Dol. Qz Dol. Qz Dol. Qz Dol.

Tm 0.07 0.10 0.12 0.03 0.06 0.08 0.03 0.06 0.05 0.06 0.06 0.04 0.06 0.04 0.03 0.06
Yb 0.49 0.66 0.79 0.14 0.33 0.44 0.17 0.35 0.32 0.32 0.40 0.21 0.36 0.27 0.21 0.36
Lu 0.08 0.10 0.13 0.02 0.05 0.07 0.02 0.05 0.05 0.05 0.06 0.04 0.06 0.04 0.04 0.06∑

REE 16.11 20.71 21.87 6.13 17.05 21.27 7.80 11.70 9.78 13.85 13.81 10.91 12.81 10.54 8.56 14.47
La/YbPAAS 0.20 0.24 0.12 0.35 0.40 0.36 0.60 0.26 0.23 0.35 0.26 0.50 0.26 0.31 0.22 0.36
La/NdPAAS 0.64 0.81 0.43 0.83 0.66 0.57 1.83 0.74 0.92 0.66 0.84 1.12 0.87 0.69 0.70 0.84
Ce/Ce∗

PASS 0.94 0.74 0.94 0.92 0.86 0.65 0.60 0.81 0.79 0.84 0.93 1.00 0.96 0.96 1.09 0.93
Eu/Eu∗

PASS 1.40 1.37 1.38 1.50 1.33 1.33 1.18 1.72 1.67 1.36 1.80 1.42 1.58 1.30 1.43 1.49
Y/Y∗

PASS 1.70 1.58 1.49 1.13 1.11 1.30 1.94 1.18 1.51 1.13 1.37 1.56 1.50 1.19 1.53 1.29
Pr/Pr∗PASS 1.01 1.06 1.04 0.87 1.04 1.03 1.27 0.94 0.96 0.96 0.92 0.83 0.89 0.97 0.85 1.04
La/SmPAAS 0.39 0.50 0.22 0.50 0.40 0.36 1.26 0.43 0.53 0.41 0.48 0.79 0.60 0.50 0.42 0.65
Sm/YbPAAS 0.51 0.48 0.52 0.70 1.01 0.99 0.48 0.60 0.44 0.85 0.54 0.63 0.43 0.62 0.52 0.56
Sm/Yb 1.00 0.95 1.03 1.37 1.98 1.96 0.94 1.18 0.87 1.68 1.07 1.25 0.85 1.23 1.03 1.10
Y/Ho 43.80 41.74 39.88 32.04 29.25 36.82 51.30 31.62 40.14 31.47 37.23 42.33 40.28 31.00 40.46 32.99

Sample P3 152 P3 170 P3 185 P3 196 M5A M6A M7A M8A M10A M11A M1 M16 M81 M100 M102 M103
Litho Qz Dol. Qz Dol. Qz Dol. Qz Dol. Hem. Bd Hem. Bd Hem. Bd Hem. Bd Hem. Bd Hem. Bd Dol. Bd Dol. Bd Dol. Bd Dol. Bd Dol. Bd Dol. Bd

La 1.63 1.37 1.65 1.26 1.90 1.88 2.56 1.61 1.89 1.28 1.88 2.87 2.37 3.60 5.67 2.40
Ce 4.64 3.24 3.46 2.74 3.42 3.41 3.49 2.44 2.94 2.30 3.34 6.41 3.10 6.85 13.02 4.70
Pr 0.52 0.41 0.42 0.29 0.41 0.39 0.43 0.33 0.41 0.33 0.52 0.86 0.46 0.84 1.31 0.55
Nd 2.65 1.84 1.82 1.26 1.77 1.60 1.66 1.58 2.02 1.50 2.52 4.04 2.06 3.55 5.83 2.48
Sm 0.78 0.55 0.38 0.29 0.41 0.39 0.37 0.32 0.48 0.38 0.60 0.91 0.45 0.79 1.33 0.53
Eu 0.21 0.17 0.10 0.10 0.15 0.15 0.14 0.13 0.14 0.15 0.24 0.31 0.18 0.39 0.57 0.25
Gd 1.04 0.76 0.41 0.37 0.49 0.42 0.38 0.44 0.57 0.55 0.90 1.14 0.64 1.06 1.51 0.67
Tb 0.21 0.15 0.08 0.07 0.08 0.07 0.07 0.08 0.10 0.09 0.14 0.18 0.12 0.20 0.27 0.11
Dy 1.35 0.81 0.43 0.43 0.51 0.53 0.55 0.46 0.66 0.57 0.92 1.12 0.81 1.36 1.73 0.71
Y 8.8 7.0 3.0 3.4 3.0 3.0 6.0 5.0 6.0 5.0 10.5 9.3 9.5 13.5 10.7 5.3
Ho 0.29 0.18 0.10 0.10 0.13 0.12 0.12 0.11 0.15 0.14 0.21 0.23 0.20 0.33 0.38 0.16
Er 0.87 0.56 0.32 0.28 0.41 0.40 0.41 0.38 0.50 0.45 0.67 0.65 0.65 1.15 1.12 0.43
Tm 0.13 0.08 0.05 0.04 0.06 0.06 0.07 0.06 0.08 0.06 0.09 0.09 0.10 0.19 0.15 0.06
Yb 0.86 0.45 0.31 0.25 0.40 0.41 0.48 0.38 0.50 0.38 0.56 0.57 0.60 1.20 0.99 0.36
Lu 0.15 0.07 0.05 0.04 0.07 0.07 0.08 0.06 0.08 0.06 0.10 0.10 0.11 0.19 0.17 0.06∑

REE 24.10 17.65 12.57 10.91 13.21 12.91 16.83 13.38 16.53 13.24 23.19 28.80 21.35 35.18 44.77 18.76
La/YbPAAS 0.14 0.22 0.40 0.38 0.35 0.34 0.39 0.32 0.28 0.25 0.25 0.37 0.29 0.22 0.42 0.49
La/NdPAAS 0.55 0.66 0.81 0.89 0.96 1.04 1.37 0.91 0.83 0.75 0.66 0.63 1.02 0.90 0.86 0.86
Ce/Ce∗

PASS 1.16 1.00 0.96 1.05 0.89 0.91 0.76 0.77 0.77 0.82 0.78 0.94 0.68 0.91 1.10 0.94
Eu/Eu∗

PASS 1.09 1.26 1.24 1.35 1.60 1.70 1.70 1.59 1.30 1.53 1.54 1.42 1.60 1.98 1.90 2.01
Y/Y∗

PASS 1.13 1.48 1.16 1.31 0.94 0.94 1.84 1.74 1.50 1.41 1.89 1.48 1.86 1.60 1.06 1.24
Pr/Pr∗PASS 0.88 0.99 0.99 0.91 0.99 0.99 1.06 0.99 0.99 1.03 1.06 0.99 1.08 1.01 0.89 0.95
La/SmPAAS 0.30 0.36 0.63 0.62 0.67 0.70 0.99 0.72 0.57 0.49 0.45 0.46 0.76 0.66 0.62 0.66
Sm/YbPAAS 0.46 0.62 0.63 0.61 0.52 0.49 0.39 0.44 0.49 0.51 0.54 0.81 0.38 0.34 0.68 0.74
Sm/Yb 0.91 1.22 1.24 1.20 1.03 0.96 0.77 0.86 0.96 1.01 1.07 1.60 0.75 0.66 1.34 1.46
Y/Ho 30.78 39.73 30.66 34.07 23.98 24.66 48.27 44.36 38.88 36.07 49.50 41.16 46.63 40.85 28.39 32.83

Y content is not included in
∑

REE. (Eu/Eu*)PAAS = ((Eu/EuPAAS)/(Sm/SmPAAS) × (Gd/GdPAAS))1/2, Ce/Ce∗
PASS and Y/Y∗

PASS calculated by similar way. Hem. Bd = iron-rich band of dolomitic itabirite; Dol. Bd = dolomite-rich
band of dolomitic itabirite.
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